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EPRI PERSPECTIVE 

This research project, RP 1716-1, was undertaken to develop a preliminary design for a high-voltage turbine 
generator. When operating at transmission-level voltages, the generator stator winding is connected directly 
to the transmission system. The combination of improved electrical turbine generator characteristics and the 
elimination of the generator step-up transformer produces a net reduction in generation losses and improves 
system stability. If the high-voltage generator is technically feasible and if there are sufficient benefits to the 
utilities, follow-on development work is anticipated. The possibility of high-voltage stator windings has 
evolved in part from the new concept of using superconducting field windings in the turbine generator rotor. 
The very high magnetic field that is produced by the superconducting field winding makes it possible to 
configure a stator winding that can be insulated for operation at transmission-level voltages. 

PROJECT OBJECTIVES 

The objectives of this project were to assess the practical aspects of various high-voltage stator winding 
concepts and to develop a preferred design applicable to large, synchronous turbine generators in the future. 
Such a radical departure from conventional generator design necessitates a detailed study of all aspects off 
mechanical, electrical, and thermal design related to the stator. The project was structured to include a 
detailed feasibility study. This will determine whether or not to proceed with prototype high-voltage 
generator development. 

PROJECT RESULTS 

This study was open to generator designs that could use either a rotor with a conventionally cooled field 
winding or a rotor with a liquid helium-cooled field winding or a rotor with a liquid helium-cooled 
superconducting field winding; but the findings of this report show that only superconducting rotors are 
applicable for high-voltage generators. The economic studies show that high-voltage generators can produce 
desirable operating benefits for the utility industry. However, two items that can adversely affect anticipated 
benefits are higher development costs and lower reliability of high-voltage generators when feeding directly 
into the transmission system. Before proceeding further with a prototype high-voltage insulation system and 
winding development, the application of superconducting rotors will have to be successfully demonstrated. 

James S. Edmonds, Project Manager 
Electrical Systems Division 
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ABSTRACT 

This report describes the work funded by the Electric Power Research Institute, Inc. for assessing 
the technical and economical feasibility of developing transmission-level-yoltage superconducting 
generators for central station electric utility applications. 

Section 1 provides a summary of the study and describes the purpose, objectives, and the general 
conclusions of the study. 

Section 2 describes the monolith cylinder armature design, which was selected as the concept hav- 
ing the best chance of proving to be technically and economically feasible. Different component 
design approaches are discussed and analyzed, and final component designs are selected. Detailed 
generator designs are performed for two different ratings (600 MVA - 345 kV and 1200 MVA - 
500 kV) The areas covered in the design study include magnetic dimensions, major machine reac- 
tances, conductor designs, cooling systems, winding arrangements, insulation configurations, and 
electrical and mechanical stress levels. 

Section 3 describes the commercial acceptance tests necessary to qualify the insulation systems of 
high-voltage generators. The tests are similar to those performed for high-voltage transformers and 
inductive reactors, since the impulse and overvoltage duty of the high-voltage generator is similar. 
Section 4 describes the power system considerations of connecting high-voltage generators directly 
to the transmission lines. Although some changes in normal power station auxiliary equipment will 
be required, there appear to be no major problems which would suggest technical infeasibility. Sta- 
bility studies indicate improved critical clearing times of two cycles for high-voltage generators. 
Section 5 describes several secondary high-voltage generator design concepts and the reasons for | 
their technical and economical infeasibility. 

Section 6 describes economic analyses comparing the long-term economic benefits of low-voltage 
and high-voltage superconducting generator development programs. 

Section 7 summarizes the final design recommendation for the monolith cylinder armature and 
discusses the reasons for its selection and some of its known limitations. 

Section 8 describes a possible follow-on hardware development program which would be necessary 
to confirm the results of the analytical studies discussed in this report. This follow-on development 
program would be necessary to better assess the technical feasibility of high-voltage generators. 
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Section 1 
SUMMARY 



Technical research and development efforts performed by the General Electric Company for the 
Electrical Power Research Institute under contract RP 1716 "High-Voltage Stator Winding 
Development" are described in this document. The goals of this research project were (1) to 
develop conceptual designs of large steam-turbine generators that can be connected to transmission 
systems without step-up transformers (Figure 1-1) and (2) to assess their technical and economical 
feasibility. The motivation for the development of such generators is to eliminate the purchase cost 
of the high-voltage step-up transformer and the operational cost of its losses. The general objec- 
tives of this research program were to— 

• Review the technical literature (Appendix A) to identify all published conceptual designs of 
generators which can be operated at transmission-level voltages (230 kV and greater) 

• Propose new conceptual designs for high- voltage generators 

• Perform preliminary design studies of each conceptual design to identify critical problems and 
to propose possible resolutions 

• Perform an evaluation program to select the conceptual design having the greatest potential cf 
being proven technically and economically feasible 

• Perform as detailed a design study as possible on the selected primary conceptual design to 
identify its physical characteristics and limitations. Design studies were performed for two- 
pole units of 600 MVA, 345 kV and 1200 MVA, 500 kV ratings 

• Evaluate the power system implications of high-voltage generators 

• Provide a comparative economic evaluation of conventional generators, low-voltage supercon- 
ducting generators, and high-voltage generators 

* • Identify possible follow-on development effort based on an assessment of the technical feasi- 
bility of high-voltage generators and the magnitude of their potential benefit to the electric 
utility industry. 

The concept of developing transmission-level- voltage generators has evolved, in part, from the ex- 
tensive domestic and worldwide effort being performed to demonstrate the technical feasibility of 
superconducting generator rotors and their economic benefits to the electric utility industry. The 
successful development of superconducting rotors provides a unique opportunity to seriously con- 
sider designing generators at present-day transmission-level voltages, since the large excitation capa- 
bility of the superconducting field makes it possible to employ air-gap armature windings having 

' sufficient insulation thicknesses to support the transmission-level-voltage electrical stresses. The 
successful high-voltage generator would eliminate the capital cost of the step-up transformer and 
the operational cost of its electrical losses, and rough cost savings estimates indicate that these can 
amount to between 10 and 14 million dollars for a 1000 MVA unit. These cost savings are in addl- 

r tion to those associated with the superconducting rotor's elimination of the field electrical losses. 
The cost savings, however, must be weighed against the development costs o£ high-voltage super- 
conducting generators, and the results of economical analyses performed in this study will indicate 
if follow-on development efforts are warranted. 

This technical study was primarily directed at exploring the high-voltage stator winding concept Kg 
significant effort was devoted to upgrade the designs of superconducting rotors and low-voltage air- 
gap armature windings. However, the General Electric Company's involvement with the EPRI.. r 
sponsored development of low-voltage superconducting generators (Reference 1-1) provided in- 
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valuable background for the technical and economic: studies performed for the high-voltage super- 
conducting generator. Many electromagnetic models and computer programs developed for the 
^-voltage superconducting generator were utilized fcr the high-voltage superconducting generator. 

1.1 PRINCIPAL CONCLUSIONS 
1.1.1 Primary Design Approach Selected 

A large number of novel high-voltage generator conceptual designs were revealed during i the study 
-Figure 1-2 displays the basic conceptual designs which were identified, and many 

were also identified. As a result of the design evaluations of the advantages, Ai^nttW 
and potentially critical problems of each design, h was concluded that the monolith cylinder arma- 
ture has the best potential of being proven technically and economically feasible. 
Detailed design analyses performed on monolith cylinder armature designs at 600 MVA. 345 kV 
and 1200 MVA, 500 kV ratings revealed a number oT potentially critical technical P"> ble ™?- 
Analytical studies of each problem area indicated that there are viable solutions for aU of toe » 
^ntified problems, bm the maximum practical voltage was established to be 500 kV, since higher 
voltage ratings (765 kV and greater) would require naeconomically large unit sizes. 
1.1.2 Description of the Monolith Cylinder Armature 

The complete d^ijn details of the monolith cylinder armature are described in the v^oussectwns 
o 'this report, but abrief description of the armature will be provided here. Figure 1-3 
^-section^o? the monolith cyUnder armature in ha most elementary form. Two ^ers of con- 
ductors are encapsulated by three cylinders of insulation, and the entire ^^^J^^S^ad 
toothless iron core. The insulation cylinders must be thick enough » ^ 
line-to-ground voltages imposed upon them. Each consiuctor layer cylinder can eoDtnftn one to 
two thousand individual conductors. Figure 1-4 flimss the fully hel.cal coil «»«3S2Ll5a 
gently curving shape of these coils allows dense conaictor packing and eliminates n«chanical stress 
concentrations that can result from coil bends in otfcsr types of coil shapes. A novel oeita- 
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connected winding arrangement is employed to provide a smooth electrical voitage grading 
throughout the winding so that high electrical stress concentrations can be eliminated. 

Figure 1-5 illustrates a radial-axial cross-section of the monolith cylinder armature and its cooling 
scheme. The stator end regions are flooded with a dielectric fluid that is pumped through axial 
cooling passages in the winding, core, and insulation cylinders. The dielectric fluid, which can be 
either transil oil or Freon flourocarbon fluid, also serves to control electrical stresses in the arma- 
ture end regions. The external cooling equipment is of the type used by large step-up transformers, 
and the main heat exchanger is a fan-cooled radiator. The external cooling equipment and the en- 
tire stator casing must be hermetically sealed to prevent the dielectric fluid coolant from absorbing 
moisture from atmospheric humidity. Rotor windage losses are removed by pumping air from the 
ambience through the bore. 

1.1.3 Insulation System 

Based on an extensive review of high- voltage insulation technology and the identification of the 
electrical creepage and puncture stresses that will be experienced in the high-voltage generator, it 
has been concluded that present-day high-voltage transformer technology must be employed for 
both insulating materials and dielectric design. The dielectric-fluid-impregnated cellulose press- 
board insulation system appears to be the only insulation system that will guarantee long-term 
operation at the high electrical creepage and puncture stresses identified in the high-voltage genera- 
tor. The fluid impregnation ensures that all voids resulting from assembly operations and cracks 
resulting from winding forces or thermal expansion forces will be filled with dielectric fluid. Thus, 
incipient electrical insulation damage due to ionization in voids will be minimized. 

The considerable transformer industry experience with transil oil makes it the preferred dielectric 
fluid impregnant. However, Freon may be utilized instead if the fire hazard of transil oil within the 
power station machine hall is considered objectionable. The dielectric experience with a Freon im- 
pregnant is minimal and extensive dielectric testing would be required to support its application. 
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Figure 1-5. Cooling Scheme for the Monolith Cylinder Armature 
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1.1.4 Generator Size Relationships 

The active volume relationships of low-voltage and high-voltage superconducting generators with 
conventional generators are shown in Table 1-1. To provide direct comparisons between helical coil 
winding high- voltage generators, which have no end-winding overhangs, and diamond coil winding 
conventional and low-voltage superconducting generators, which have considerable end-winding 
overhangs, the active volumes listed in Table 1-1 are based on total winding lengths that include 
overhangs where applicable. 

Based on these data for 600 MVA generators, the low-voltage superconducting generator is 30 to 
40% smaller than a conventional generator. The 345 kV high-voltage generator is 25 to 30% larger 
than the low-voltage superconducting generator. The 500 kV high-voltage generator is 80 to 85% 
larger than the low-voltage superconducting generator and is 22% larger than the conventional gen- 
erator. These size relationships reflect the poorer electrical coupling between the rotor and stator 
windings because of the large insulation volumes required for the high-voltage generator. The 
larger unit sizes required for high-voltage generators will limit the maximum generator rating which 
can be designed and shipped in an economical frame construction. This limit may detract from the 
long-term benefits of the high-voltage generator concept. 

1.1.5 Generator Electrical Losses 

Calculated electrical losses of high-voltage superconducting generators are of the same order of 
magnitude as those calculated for low-voltage superconducting generators. The electrical losses of 
both superconducting generator approaches are significantly less than those of conventional genera- 



Table 1-1 

ACTIVE VOLUME RELATIONSHIPS 
600 MVA GENERATORS 



Generator Design 


Core 
Diameter 
Inches 


Total 
Winding 
Length 

Inches 


x 10* 


Per 
Unit 


Conventional (22 kV) 
Diamond Coil Winding 






2.52 


1.0 


L-V Superconducting (24 kV) 
X't - 0.2 

Diamond Coil Winding 
150 A/cm 2 Current Density 


105 


153 


1.69 


0.67 


H-V Superconducting (345 kV) 
X',, - 0.27 

Helical Coil Winding 

300 A/cm 3 Current Density 


111.2 


173 


2.14 


0.85 


H-V Superconducting (500 kV) 
Xj - 0.27 

Helical Coil Winding 

300 A/cm 2 Current Density 


119 


217 


3.07 


1.22 


• Superconducting Generator Designs Use 50 V/mil 
Insulation Stress 






• Total Winding Lengths Include Diamond Coil 
End-Winding Overhangs. 
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tors mainly as a result of the very low field losses inherent in the superconducting field design. 
Efficiency improvements of 0.5% for both low-voltage and high-voltage superconducting generators 
over conventional generators were used in the economic analyses to calculate first cost operating 
savings. 

1.1.6 Power System Considerations 

Power system studies for high-voltage superconducting generators connected directly to transmis- 
sion lines arrived at the following conclusions: 

• Acceptable power station arrangements can be devised using either wye-or delta-connected ar- 
mature windings. However, modified and somewhat more expensive auxiliary equipment will 
be required to provide acceptable system grounding. 

• Generator winding voltage excursions experienced during line-to-ground faults, load rejec- 
tions, and impulse conditions will be as high or higher than what is presently experienced in 
high-voltage step-up transformers. Thus, commercial acceptance testing techniques similar to 
those required for step-up transformers will be required for high-voltage generators. 

• Satisfactory generator relay protection can be devised. However, due to the high-voltage en- 
vironment in which some of the current transformers are required to operate, new electronic 
current transformers must be developed. 

• The low inertia superconducting rotors required in high-voltage generators produce the same 
potential problems that have been identified in low-voltage superconducting generators: High 
shaft torsional duties will occur during system faults and transmission line reclosing, and 
turbine-generator rotor overspeed control will be more difficult than that for conventional 
generators. The optimal solutions to these problems and the possible cost penalties to resolve 
them have not been fully defined. Due to the inability of assigning these cost penalties, they 
were not included in the economic analyses. Thus, from this area of concern, the economic 
analyses results may be considered optimistic. 

• Stability studies suggest that high-voltage superconducting generators will provide improved 
steady-state and transient stability performance as compared to conventional units. Transient 
stability studies show a potential 2 cycle improvement in critical clearing time. With these im- 
proved stability characteristics, it could be speculated that the use of superconducting genera- 
tors could significantly reduce the utility industry's cost of transmission line installation. 
These savings would result by eliminating the need for a new or extra transmission line on an 
expanding utility system which would have marginal stability with conventional generator criti- 
cal clearing time characteristics. Due to the difficulty of assessing how many new transmission 
lines could be eliminated over the next 35 years if superconducting generators were used, no 
potential cost savings for transmission line elimination were included in the economic analy- 
ses. From this area of concern, the economic analyses may be considered pessimistic. 

1.1.7 Economic Analysis 

Comparative economic evaluations of conventional generators, low-voltage superconducting genera- 
tors, and high-voltage superconducting generators provided the following conclusions: 

• Estimated utility first cost savings (1985 dollars) for low-voltage and high-voltage supercon- 
ducting generators compared w't; conventional generators are shown in Figure 1-6. The cost 
savings reflect estimated capital cost differences and evaluated lower operating costs resulting 
from projected improved efficiencies. The use of high, average, and low savings estimates ac- 
count for the uncertainties in identifying the material and labor costs which will be required to 
provide mature generator designs. The estimated savings for high-voltage generators are 
greater than for low-voltage generators, reflecting the additional cost savings produced by 
eliminating the capital cost of the transformer and the transformer electrical losses. 



1-8 



< 



o 
o 
u_ 

o 

CO 

z 
o 



CO 

o 
z 

> 
< 
to 



16 
14 

12 
10 



. HIGH VOLTAGE S.C.G. 

LOW VOLTAGE S.C.G. 

INCLUDES CAPITAL COST 
ANO EFFICIENCY EVALUATION 



HIGH 



MEDIUM 




MVA 



Figure 1-6. Potential User's Savings for Superconducting Generators 



• Economic analysis sensitivity studies accounting for a number of different 

fate c™^ Savings, and development cost scenarios over a thirty five year period M&IMQ 
^M^SSiw of potential economic savings to the electrical industry for both the 
^«^ud SS-voltage superconducting generator development programs. The result 
« a^ migh^ to all the variables, and the reader ^«™S£l 

toto Sielhe merits of the rationale used to produce the variables. Two similar electrical 
t^jS^^^m average unit cost savings estimates provided i sav- 
Sgs (1985 dollars) of 144 million dollars for the low-voltage superconducting ^erator 
^elomnt and 375 million dollars for the high-voltage superconducting generator 

Z^Z^x pZZ. The breakeven years were 2011 and 2010 respectively. Rates of re- 
turn on development costs were 11% and 13% respectively. 
1.1.8 Technical Assessment 

High-voltage superconducting generator concepts represent radical departures in 

Smction L the concepts Jsed in low-voltage superconducting generators since 

5m will be significantly different than what is used in low-voltage superconducting generators. 

JKi^ stator windings will use many of the known high-voltage 

^^Sa^ the winding support system and the electrical " 

system are different from any known similar applications. Pre hmmary ^^^S^^^ 1 

ed in this report have uncovered and solved a great number of potential design J^J^*^ of 

ever, final assurance of commercial feasibility will depend on operating experience with machines of 

at least the mid-range of commercial ratings. 

Since operating experience on large superconducting generators can not be obtained I by a natural 
evolution of larger and larger ratings, as has been the case w.th ^^^^^^J^T 
rapidly escalating rating sizes will be required to prove that low-voltage or high-voltage supercon 
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ducting generators are technically feasible. The time scale of the development program will be long 
and the development costs will be high. Due to the high premium assigned to reliability and avail- 
ability, the industry will probably require backup conventional generators for the first few low- 
voltage and high-voltage superconducting generators, in case the reliability and availability of these 
early designs prove to be poorer than can be economically justified. 

1.1.9 General Prognosis 

The results of this study to assess the potential industry benefits of a high-voltage generator 
development program suggest that a prudent course of action would be to defer further develop- 
ment effort until on-going low-voltage superconducting generator programs have better defined the 
technical feasibility of superconducting rotors. Successful superconducting rotors are a prerequisite 
to the high-voltage generator concept and any development effort for high-voltage generators could 
be wasted if superconducting rotors do not perform satisfactorily. 

Although the economic studies show that a high-voltage generator development program has the 
potential for providing a large present worth economic value, the higher anticipated development 
costs results in a rate of return on development costs of almost the same as a low-voltage supercon- 
ducting generator development program. Since the risk of encountering a critical problem on high- 
voltage generators is greater than on low- voltage generators, it appears appropriate, at this time, to 
concentrate exclusively on low-voltage superconducting generator technology. 

Following the successful development of superconducting rotors in low-voltage generator applica- 
tions, it would be appropriate to again assess the potential economic advantages of high-voltage 
generators. The reassessment study would have the advantage of having more reliable develop- 
ment costs and savings estimates to better define the long-term economic benefits to the industry. 
The reassessment would also gain from the technical knowledge obtained from experience with 
low-voltage superconducting generator air-gap windings. 

1.2 PRIMARY APPROACH: MONOLITH CYLINDER ARMATURE 

Section 2 presents the design studies performed on the monolith cylinder armature to assess the 
technical feasibility of the design concept and to determine acceptable engineering criteria. Several 
of the studies explore potentially critical problems and identify modified component designs which 
resolve the problems. Other studies explore component modifications that produce design optimi- 
zation. Methods of calculating mechanical and electrical stresses within the armature are presented, 
and the calculated stresses are evaluated in terms of required material specifications and machine 
design limits. 

New winding arrangements that produce smooth circumferential voltage grading and eliminate large 
phase break voltages are evaluated. Such winding arrangements are necessary to eliminate destruc- 
tively large electrical creepage and puncture stresses. A novel delta-connected winding is selected 
as the preferred winding arrangement. Different winding coil shapes are also evaluated. 

Generator sizing studies which describe the sensitivity of generator dimensions to variations in ro- 
tor diameter, armature winding current density, average insulation dielectric stress, and terminal 
voltage are performed. The large insulation volume in a high-voltage armature produces large mag- 
netic dimensions which may limit the maximum ratings that can be shipped. The calculated mag- 
netic dimensions are very sensitive to changes in voltage rating or insulation dielectric stress, both 
of which affect the insulation volume. 

The sizing studies are used to select best designs for 600 MVA, 3*5 aV and 1200 MVA, 500 kV 
units. Detailed component designs are performed for both selected ratings, and operating perfor- 
mance is evaluated. 

Stator winding forces during sudden short circuit and normal operating conditions are calculated. 
The stator winding forces are in turn used to calculate mechanical stress levels within the armature 
structure in order to establish the mechanical requirements of the insulation material. The calculat- 
ed mechanical stresses appear to be low and are well within the limitations of the proposed oil- 
impregnated pressboard insulation material. 
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Electrical creepage situations within the armature body and at the armature end regions are evaluat- 
ed. The electrical creepage at the armature end regions is strongly controlled by the thickness of 
the insulation cylinders. Generator voltage ratings greater than 500 kV may not be possible because 
of the excessively thick insulation cylinders required to control the end region electrical creepage. 

Conductor and conductor cooling designs are described for three proposed dielectric fluid coolants: 
transil oil, Freon 113, and silicone oil. The conductors are comprised of braided copper filaments 
and are cooled through stainless steel cooling tubes that are interspersed throughout the winding. 
Cooling performance is evaluated in terms of allowable temperature rises, coolant flow, and coolant 
pressure, among other quantities. 

Large turn-to-turn voltages that are produced by voltage surges such as lightning strikes are calcu- 
lated. The surge voltage distribution within the high-voltage generator is similar to that experi- 
enced by high-voltage step-up transformers. The calculations are used to qualify the armature turn 
insulation. 

A conceptual stator frame design that will accommodate larger diameter cores than do present con- 
ventional frame designs is described. Such a frame will be important in implementing high-voltage 
generators because of the large magnetic dimensions of high-voltage generators. The stator frame 
will be required to be hermetically sealed to guard against moisture contamination of the high- 
voltage insulation. 

The design studies performed in this section strongly suggest that the monolith cylinder armature is 
technically feasible. However, this conclusion is based on the results of analytical models which 
have not yet been fully calibrated. Also, a few potential problems which could not be modeled and 
analyzed - such as the effects of thermal expansion forces and the effects of long-term insulation 
shrinkage - were not addressed. Therefore, the final assessment on technical feasibility will re- 
quire extensive model testing and operating experience. 
1.3 COMMERCIAL ACCEPTANCE TESTING 

Section 3 describes the methods and equipment required to test the integrity of the high-voltage 
stator winding insulation system. Insulation testing is emphasized in this section because the insu- 
lation tests are significantly different than those presently required for low-voltage generators, while 
the electromagnetic and mechanical tests can be essentially the same. The tests and test procedures 
outlined in IEEE Standard 115* "Test Procedure for Synchronous Machines," should generally ap- 
ply with the exception of the stator winding insulation testing references. 
The dielectric system of the high-voltage generator is similar to that of a high-voltage step-up 
transformer, and the operating environment is also similar, particularly with respect to exposure to 
lightning strikes and switching surges. Therefore, the recommended insulation tests for the high- 
voltage generator are the same as those for a transformer, namely the impulse test and the over- 
voltage test. The impulse test simulates the effects of lightning strikes and switching surges. The 
overvoltage test holds a twice-rated voltage on the winding for a specified short amount of time 
(typically 7200 cycles). 

The impulse test can be performed in almost the same manner as performed on transformers and 
will use the same testing equipment. The overvoltage test will be similar to that prescribed for 
large inductive reactors and is called a series-resonance test. This test has capacitor banks connect- 
ed in series with the generator winding. The circuit is driven with a small high-frequency (240 or 
420 Hz) motor-generator set. When the <*apacitive reactance is tuned to the generator reactance, 
the voltage across the generator winding i* cancelled by the voltage across the capacitor bank, and 
the high-frequency alternator appears to be operating in short-circuit, except for a voltage drop due 
to circuit losses. The high-frequency excitation limits core overfluxing and reduces the circuit 
current required to achieve twice-rated voltage on the generator winding. For a delta-connected 
high voltage generator, this test must be performed in three-phase, tripling the cost of the test 
equipment. The high-frequency motor-generator set must supply all circuit losses and may have to 
be as large or larger than any such set built to date. 
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1.4 POWER SYSTEM CONSIDERATIONS 

Section 4 describes the power system considerations for the high voltage generator. Since the high- 
voltage generator is connected directly to the high-voltage transmission network, the transient volt- 
age and current levels which the machine will be subjected to are of particular interest. One of the 
most important system interface considerations relates to the ability to provide adequate transmis- 
sion system grounding. This determines allowable surge arrester ratings and thus the necessary 
basic insulation requirements of the high-voltage stator winding as well as that of all of the other 
high-voltage components (lines, circuit breakers, etc.) At conventional generating stations, 
transmission system grounding is provided by the step-up transformer. At a high- voltage generator 
station, other means must be employed. For the delta-connected high-voltage generator deter- 
mined to be the preferable design, the station auxiliary transformers can be arranged to provide sys- 
tem grounding. The grounding thus provided permits the same basic insulation level (BIL) to be 
applied to the high-voltage stator and the other station high-voltage components as is normally ap- * 
plied at conventional stations. 

Fault current levels for various types of transmission line and terminal faults are calculated for the 
high-voltage generator. In general, the per unit winding fault current levels for the high-voltage 
generator are comparable to those of a conventional generator. These fault currents are also gen- 
erally lower than the fault current levels experienced by the high voltage winding of a step-up 
transformer for transmission line faults. 

The high-voltage generator shaft torsional duties accompanying transmission line faults and normal 
line reclosing can be excessive and may require special mechanical design considerations. These 
torsional considerations arise out of the low inertia of the superconducting rotor and would be 
characteristic of either low-voltage or high-voltage superconducting generators. 

For protective relaying, many of the conventional relays are directly applicable to the high-voltage 
generator. One area requiring development will be that of providing fiber optic transmitted current 
transformer signals for split-phase differential protection of the windings. The basic technology for 
this high-voltage electronic current measurement requires only adaptation to this specific applica- 
tion. 

A natural replacement for the conventional isolated phase bus will be SF 6 gas-insulated high-voltage 
buswork which has been developed for the interconnection of high- voltage transformers and other 
station high-voltage components. The high-voltage bushings for the high-voitage generator would 
be expected to be similar to transformer bushings for gas-insulated bus installations. 

The phenomenon of Subsynchronous Resonance (SSR) is more affected by torsional dynamics than 
generator electrical dynamics. The mechanical design provisions that need to be made to make su- 
perconducting generators adequate for normal line switching duties should also provide adequate 
SSR performance. 

The lower reactance brought about by the elimination of the step-up transformer enhances the tran- 
sient stability characteristics of the high-voltage generator, despite the lower rotor inertia. An im- 
provement on the order of 2 cycles in critical clearing time was found for a comparison example be- 
tween conventional and high-voltage units. This is a rather substantial difference and is comparable 
to or greater than that attainable by the addition of a very high performance excitation system on a 
conventional unit. 

1.5 SECONDARY APPROACHES 

Section 5 describes the studies performed on the following secondary high-voltage generator design 
concepts: 

• Spiral pancake armature 

• Salient-pole stator 
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• Integral-insulated phase-belt armature - taped system 

• Integral-insulated phase-belt armature - coaxial system 

The results of these studies and the results of the studies on the monolith cylinder armature pro- 
vided the information necessary to make a rational decision as to which design concept^ has the best 
potential of being proven technically and economically feasible. As stated earlier ,n this report, the 
monolith cylinder armature was selected as the primary design approach. 
1.6 ECONOMIC ANALYSIS OF SUPERCONDUCTING GENERATORS 
Section 6 describes economic analyses comparing the cost benefits of low-yoltage and high-voltage 
superconducting generator development programs. The economic comparisons in ~£° rat * » 
number of possible business scenarios during a 35 year period from 1986 through 2020. Each 
scenario includes the following data: 

• Anticipated electrical growth rate 

• Estimated yearly generating capacity additions 

• Introduction rate of low-voltage or high-voltage superconducting generators 

• Penetration rate of the superconducting generators 

• Estimated yearly development costs (1985 dollars) 

• High, average, and low savings estimates based on capital cost differences and operating cost 
savings resulting from improved efficiencies (1985 dollars) 

Present worth values, breakeven years, and rates of return on invested development funds are cal- 
led ^ the data for each scenario and applying the appropriate *^J^%Z*^ 
studies indicate that both the low-voltage and high-voltage sup erconducting ^^^^ 
programs should provide financial benefits to the industry. As measured by ^^^^ 
the high-voltage generator benefits are significantly larger than the low-voltage ^Jf^SJbSter 
However, rates of return and breakeven years for high-voltage generators are not significantly better 
than for low-voltage generators. 

1.7 FINAL DESIGN RECOMMENDATION 

Section 7 presents a summary of the monolith cylinder high-voltage superconducting 
design. This design was selected from several design concepts as the approach wh ch has Uhe best 
potential of proving to be technically and economically feasible. Many of the results from the 
ana!yUcal studies throughout this report are summarized, and the advantages and limitations of this 
design are also discussed. 

All of the other conceptual designs are reviewed, and the justification for selecting the monolith 
cylinder armature over the other designs is discussed. 
1.8 RECOMMENDATION FOR FOLLOW-ON EFFORT 
: The general conclusion of this report is that follow-on effort to develop high-voltage W*™nd»cU 
ing generators should be deferred until the feasibility of superconducting rotors has ton ' «* bl ' sh 
ed When superconducting rotors are shown to be economical to manufacture and u e » 
; operate with satisfactory reliability and availability, a re-evaluauon of * ^^gSJXSito. 
( concept should be made. One of the first considerations should be to establish whether the insula 
\ tion systems proposed in this report are practical. 
Section 8 outlines a minimal hardware development program that will provide the insulation charac- 
teristics of the very thick insulations required for the monolith cylmder armature -V"*?*™^ 
would be initated with electrical puncture and creepage tests under uniform JJJJ^ 
board impregnated with transil oil. The same tests could also be performed for Freon impregnated 
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pressboard. If these tests proved encouraging, mockup winding tests would be performed to 
confirm whether the analytically calculated non-uniform creepage stress limits are valid. Following 
the insulation testing program, the construction of a demonstration high-voltage generator model 
using an existing model superconducting rotor would be the next logical development program. 

1.9 SUBJECT INVENTIONS 

In the course of this contract, only one contractor's invention disclosure letter was submitted to the 
contracting officer: 

• A novel wye-connected winding arrangement that provides smooth circumferential voltage 
grading and eliminates large phase break voltages was submitted as an invention. This wind- 
ing arrangement is accomplished by the use of special end-winding connections. The smooth 
voltage grading allows high material utilization, and the wye-connection is preferable for the 
power systems interrelation. This winding arrangement is applicable to both monolith cylinder 
armatures and taped integral-insulated phase belt armatures, although neither application was 
selected as the preferable design for the high-voltage stator winding. 

The selection of the monolith cylinder armature as the primary design approach reduced the poten- 
tial for new patentable ideas. The monolith cylinder concept has already been studied and publi- 
cized by several specialists in the field. The detailed studies in this report on the monolith cylinder 
armature describe a number of component designs which are probably patentable. Techniques of 
reducing electrical creepage stresses in the body and in the end regions are examples of these ideas. 
] Disclosure letters were not submitted since it was concluded that the ideas fall within the state-of- 
the-art of transformer technology. Publication of these and other patentable ideas in this report will 
provide the industry with the required patent protection. 

References 
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Section 2 

PRIMARY APPROACH -MONOLITH CYLINDER ARMATURE 



2,1 ARMATURE TOPOLOGY AND WINDING ARRANGEMENTS 

The monolith cylinder armature is appropriately named for its concentric cylinder construction hav- 
ing separate cylinders devoted to electrical insulation and electrical conductors. The monolith 
cylinder armature utilizes geometrical simplicities and symmetries to produce an armature that is di- 
mensionally compact and straightforward to manufacture by virtue of its many identical components 
and repeatable assembly sequences. 

Figure 2.1-1 illustrates a cross-section of the monolith cylinder armature in its most elementary 
form. Two cylinders of conductors are encapsulated by three cylinders of insulation, and the entire 
structure is fastened to a toothless iron core. A slotted iron core is precluded by the great number 
of conductors required to reach transmission level voltages. The inner and outer insulation 
cylinders must be thick enough to withstand line-to-ground voltage while the center insulation 
cylinder must be thick enough to withstand line-to-line voltage. Each conductor layer cylinder can 
contain from one to two thousand individual conductors. The conductors lie on the same radius 
throughout their entire length and do not flare into a cone at the ends, as do the conductors of a 
conventional turbine-generator. 

Since the conductors are not confined in iron teeth, the coil shape can assume a variety of forms. 
Figure 2.1-2 illustrates the familiar straight coil with helix end arms (diamond coil), and Fig- 




Figure 2.1-1. Cross-Section of a Monolith Cylinder Armature 
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ure 2.1-3 illustrates the fully heiical coil shape, where the conductor twists 180° peripherally from 
end to end (Refs. 2.1-1 and 2.1-2). Variations of these shapes are also possible; for instance, the 
end arms of the diamond coil can be brought well within the active magnetic zone. The fully heli- 
cal coil shape is equivalent to a diamond coil having no straight sections. An optimization process 
is implied in the coil shape selection; because while a diamond coil with short straight sections links 
less magnetic flux, it is possible to pack more such coils within the periphery of the conductor 
cylinders. Appendix B describes the theory behind the coil shape selection and concludes that the 
fully helical coil shape is close to optimal. 




Figure 2.1-2. Monolith Cylinder Armature with Diamond Coils 
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One or two thousand conductors may be required in each conductor layer cylinder, and it will be 
necessary to stack conductors one above each other in columns to avoid conductors of excessively 
tall and thin proportions. Figure 2.1-1, for instance, illustrates three conductors stacked in each 
columm in the conductor layer cylinders. The conductors of the inner and outer conductor layer 
cylinders can be connected at the series loops in such a manner as to produce a nested series loop 
system (Figure 2.1-4). Here it is seen that the outermost conductor of the inner layer is connected 
to the innermost conductor of the outer layer, the innermost conductor of the inner layer is con- 
nected to the outermost conductor of the outer layer, and so on. Figure 2.1-5 illustrates a similar 
nested series loop and coil jumper system for the connection end of the winding. 



Figure 2.1-4. Non-Connection-End Series Loop Nest 



Figure 2.1-5. Connection-End Series Loop Nest and Coil Jumper System (Expanded in Hor- 
izontal Direction) 
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Grounding surfaces must be provided in the armature to control the electric field distribution at 
critical locations. It is particularly important to place a grounding surface on the inner surface of 
the inner insulation cylinder in order to prevent a flashover from the inner conductor layer to the 
grounded rotor body. A grounding surface can be constructed from thin stainless steel wires placed 
around the entire periphery of the surface and orientated in the axial direction. The wires are con- 
nected by a loop at one end but not the other (Figure 2.1-6). In this manner, no closed loops i are 
formed and the losses of the grounding surface are limited to eddy current losses within individual 
wires The wires must be placed close enough together to eliminate electric stress concentrations 
from individual wires. If the wires are not closely spaced, the wire cage can be coated with a semi- 
conductive paint which will also serve to eliminate the electric stress concentrations. The inner sur- 
face of the core can serve as the grounding surface for the outer insulation cylinder although a 
wire cage grounding surface can be provided here if it is felt that void-free contact between the core 
and outer insulation cylinder cannot be assured. 

The inner and outer insulation cylinders must be thick enough to withstand the Hne-to-ground volt- 
ages that appear between the outer conductor layer and the core inner surface and between the 
inner conductor layer and the inner grounding surface. The center insulation cylinder must be 
thick enough to withstand the line-to-line voltage that appears between the two conductor layers. 
(This can be twice line-to-ground voltage in some winding connection schemes.) The dielectric 
strength of the insulation plays a crucial role in determining the overall machine dimensions, since 
a great portion of the radial build-up of the armature will be consumed by the insulation cylinders. 
Table 2 1-1 lists required insulation cylinder thicknesses for various machine voltage ratings and 
dielectric strengths. Insulation requirements will become quite large with the lower dielectric 
strengths (the 345 kV rating at 50 V/mil dielectric strength, for instance, requires nearly 15 inches 
of just insulation). When the radial build-ups of the conductor layers and the core Md . ™f J* 
added, a machine of large external dimensions is realized. Although Table 2.1-1 describes dielectric 




Figure 2.1-6. Wire Cage Grounding Surface 
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strengths of up to 200 V/mil, it would be imprudent to design new demonstration machines at any- 
thing greater than 50 V/mil dielectric strength. The dielectric strengths of all insulating materials 
decrease with increasing thickness, and since there have never been any tests of materials in the 
thicknesses required for the high-voltage winding, it is not known if dielectric strengths approach an 
asymptotic lower limit when such thicknesses are obtained or if they decrease to impractical values. 
It is felt that a dielectric strength of 50 V/mil is a conservative design value, and the machine 
designs contained in later sections of this report assume that the insulation is capable of this 
strength. Section 2.2 describes machine sizing studies for the monolith cylinder high-voltage gen- 
erator. 



Table 2.1-1 

REQUIRED INSULATION CYLINDER THICKNESSES FOR VARIOUS 
VOLTAGE RATINGS AND DIELECTRIC STRENGTHS 





Dielectric Strengths 
50 V/mil 100 V/mil 200 V/mil 


230 kV Rating 








line-to-ground insulation cylinder 


2.65" 


1.32" 


.66" 


line-to-Hne insulation cylinder 


4.60" 


2.30" 


1.15" 


345 kV Rating 








line-to-ground insulation cylinder 


3.98" 


1.99" 


1.00" 


line-to-line insulation cylinder 


6.90" 


3.45" 


1.73" 


500 kV Rating 








line-to-ground insulation cylinder 


5.77" 


2.89" 


1.44" 


line-to-line insulation cylinder 


10.00" 


5.00" 


2.50" 


765 kV Rating 








line-to-ground insulation cylinder 


8.83" 


4.42" 


2.21" 


line-to-line insulation cylinder 


15.30" 


7.65" 


3.83" 



The thick insulation builds required for the monolith cylinder high-voltage armature preclude the 
use of anything but a superconducting rotor winding, since only the superconducting rotor is capa- 
ble of exciting such great non-magnetic reluctances. The machine sizing studies of Section 2.2 in- 
clude superconducting rotor windings for all calculations. 

The dielectric material for the insulation cylinders must not only possess suitable dielectric strength 
and life but also must possess adequate mechanical strength. The insulation cylinders are required 
to transmit radial and tangential winding loads to the core and frame and must withstand large 
bending and shear stresses caused by armature ovalization deflections exhibited during sudden short 
circuit. Solid dielectric ~ aterials suitable for the insulation cylinders may be grouped into two 
categories: fluid impregnated pressboard and dry-type dielectrics. Pressboard is a hard, stiff material 
that is heat pressed from moist cellulose pulp into sheets ranging up to 0.25-inch thickness. The 
pressboard sheets can be formed and laminated into the insulation cylinders, and the finished arma- 
ture winding is later impregnated with a dielectric fluid such as transil oil, Freon,* or silicone oil. 
The dielectric fluid Alls all voids in the pressboard, and the result is an exemplary insulating materi- 
al that has been in.use-for decades by the transformer industry. Dry-type insulations can include 
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plastic laminates such as fiberglass-epoxy. A fiberglass-epoxy insulation is made from fiberglass 
cloth laminations or fiberglass filament wraps that are saturated with epoxy and baked hard. No 
plastic laminate can be manufactured entirely free of voids without resorting to extreme vacuum 
and pressure techniques. The voids in a plastic laminate result in slow but progressive damage 
caused by ionization in the voids at operating stress. A more important consideration, however, is 
the possible formation of cracks within the armature due to winding forces or thermal expansion 
forces A small crack that develops in an armature constructed from plastic laminate insulation may 
rapidly lead to a dielectric failure. In an armature constructed from fluid impregnated pressboard, 
any small cracks will be filled with the dielectric fluid and rapid dielectric failure will thus be avert- 
ed This is the primary reason for selecting pressboard as the preferred insulating material. The 
technology for pressboard impregnated with transil oil is well-established, and the selection of this 
combination for the insulation would greatly reduce the amount of development effort required for 
a high-voltage stator winding. Figure 2.1-7 illustrates the partial discharge inception field strength 
of oil-impregnated pressboard for both impulse voltage and power frequency voltage (Ref. 2.1-3). 
The mechanical properties of oil-impregnated pressboard appear to be adequate, and Table 2.1-2 
lists average measured mechanical properties of a pressboard grade having the greatest density and 
mechanical strength (from Ref. 2.1-3). 
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Figure 2.1-7. Electric Strength of Oil-Impregnated Pressboard 
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Table 2.1-2 



STATED MECHANICAL PROPERTIES OF OIL-IMPREGNATED 
HIGH-DENSITY PRESSBOARD 



Average Tensile Strength 


-15,000 


psi 


Average Shear Strength 


— 14,500 


psi 


Average Modulus of Elasticity 


-1,800,000 


psi 



The use of oil-impregnated insulation will necessitate the placement of a bore seal tube at the inte- 
rior of the armature, so that oil can be prevented from seeping into the bore. The bore seal tube, 
can be made of any oil-impermeable material, and a tube constructed of filament wrapped 
fiberglass-epoxy is a likely candidate. Figure 2.1-8 is a detailed cross-section of the monolith 
cylinder armature and illustrates the placement of the bore seal tube. The inner grounding surface 
is placed in between the bore seal tube and the inner insulation cylinder to isolate the bore seal 
tube from electrical stress. It is not necessary to provide a sealing tube in between the armature 
and the core since the core and frame are themselves completely filled with dielectric fluid. 

Figure 2.1-9 illustrates a radial-axial cross-section of the high-voltage generator and its cooling 
scheme. It is desired to avoid the use of coolant connection hoses because of the thousands of 
hoses and hose connections that would be required. Therefore, it is envisioned that the entire sta- 
tor end regions would be flooded with coolant that would be pumped through the winding coolant 
passages via access ports in the vicinity of the winding series loops. The coolant will be electrically 
stressed over portions of the coolant path, so it is necessary for the coolant to be a dielectric fluid. 
(The same fluid used as the insulation impregnant is convenient.) The core can be cooled from the 
end region coolant header through axial passages cumulated from holes prepunched in the core 
laminations. The insulation cylinders can also be cooled from the end region coolant header 
through axial passages provided in the cylinders during the assembly of the pressboard sheets. The 
external cooling equipment is of the type used by large step-up transformers, and the main heat ex- 
changer is a fan-cooled radiator. The external cooling equipment and the entire stator casing must 
be hermetically sealed to prevent the coolant from absorbing moisture from atmospheric humidity. 




Figure 2.1-8. Components of the Monolith Cylinder Armature 
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All air must be purged from the cooling system, and thermal expansion of the coolant in the result- 
ing closed system is accommodated by an elastic bladder in the expansion tank. A water-cooled 
heat exchanger is precluded by the danger of moisture contamination of the coolant through a 
cracked heat exchanger tube. 

In order to reduce the likelihood of dielectric failures, the greatest attention must be paid to the 
control of internal voltage gradients within the armature. Dielectric failures are described as being 
either puncture failures, which are flashovers directly through a dielectric medium, or creepage 
failures, which are flashovers along a boundary of two different dielectric media. The control of 
voltage gradients is accomplished either by electrical configuration (winding arrangements that pro- 
duce small voltage differences between adjacent conductors) or by physical configuration (placing of 
thick dielectrics at critical locations or shaping of dielectric contours). The insulation cylinders of 
the monolith cylinder armature are examples of the control of voltage gradients by physical 
configuration, since the cylinders are thick dielectrics placed in between the large voltages appearing 
across the two conductor layers and across the conductor layers and the grounding surfaces. 

Control of voltage gradients by electrical configuration is found to be important with respect to the 
problem of phase break voltages. A phase break voltage is defined as the voltage appearing be- 
tween adjacent conductors of adjacent phase belts. Some winding arrangements produce large phase 
break voltages, and in a monolith cylinder high-voltage winding it would be necessary to insert 
thick dielectric barriers in between the phase belts (Figure 2.1-10). This in no way solves the prob- 
lem, since there is now a path for creepage failure at the boundary between the phase break insula- 
tion and the insulation cylinder. The solution for this problem lies in the utilization of winding ar- 
rangements that produce small phase break voltages. 

Another problem of somewhat less concern is the possibility of creepage failures across the entire 
breadth of a phase belt along the boundary of the conductor layer and the insulation cylinder. The 
magnitude of this phase belt creepage is a function of the winding arrangement. 

PHASE BREAK 
INSULATION 



INSULATION 




PHASE BREAK 
INSULATION 



Figure 2.1-10. Phase Break Insulation for Windings with Large Phase Break Voltages 
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The classical 60° phase-belt single-circuit wye connection is an example of a winding arrangement 
that produces large phase break voltages. Figure 2.1-11 illustrates a phasor diagram for this winding 
and Figure 2.1-12 illustrates the winding diagram. The top diagram of Figure 2.1-11 shows the cir- 
cular arrangement of individual conductor voltage phasors in their order around the periphery of 
the armature. Individual conductor phasors are labeled 4 T' and "O" to indicate their location on 
the inner and outer conductor layers, respectively. Sixty-degree spans of the conductor phasors are 
grouped into phase belts, as indicated by the longer phasors appearing as chords of the circles. 
Each phase belt phasor is labeled "A", 44 B", or "C" with respect to its phase identification and is 
subscripted "1", or "2" to indicate its location close to ground or close to terminal, respectively* 
Ground points, terminal points, and phase-belt connections are also indicated on the diagram. The 
phase break voltages will be the Voltages appearing at the physical junctions of the phase belts indi- 
cated on the circle diagram. For example, phase break voltages are indicated at the junction of the 
head of A x and the head of C 2 and the junction of the tail of C 2 and the tail of B x . In the bottom 
diagram of Figure 2.1-11, the circle diagram phasors are rearranged into the conventional wye ar- 
rangement of phasors. It is here that the magnitudes of the phase break voltages are revealed. The 
phase break voltage indicated at the junction of the head of A x and the head of C 2 is now seen to 
be a phasor stretching from the terminal of phase C to the midpoint of phase A. The magnitude of 
this phasor is 1.32 times line-to-ground voltage. The phase break voltage indicated at the junction 
of the tail of C 2 and the tail of B x is a phasor stretching from the neutral to the phase C midpoint. 
The magnitude of this phasor is 0.5 times line-to-ground voltage. The other phase break voltages 
are identical to the two identified above. 

The phase-belt creepage stress for the single-circuit wye connection is the voltage appearing across 
the breadth of the phase belt divided by the span of the phase belt (as measured from a line per- 
pendicular to the conductors). The phase-belt span will vary according to the coil type and to the 
location in the winding. The phase-belt span is greatest in the straight sections of a diamond coil 
but decreases in the end arms of a diamond coil or in helical coils. The voltage across the span of 
the phase belt for the 60° phase-belt single-circuit wye connection is 0.5 times line-to-ground volt- 
age. The phase-belt creepage stress at the straight sections of a diamond coil is 

E ±LHj. . 0.477-^- , (2.1-1) 

3 

where r — winding radius. 

" The phase belt creepage stress will be somewhat higher for a helical winding. 

The maximum voltage appearing across the center insulation cylinder is not necessarily found at the 
center of the winding (the straight sections of a diamond-coil winding or the axial center of a heli- 
cal coil winding). In the case of the 60° phase-belt single-circuit wye connection, the maximum 
voltage across the center insulation cylinder is line-to-line voltage and is located at certain criss- 
crosses in the end arms of a diamond coil winding or at certain off-axial-center criss-crosses of a 
helical coil winding. The maximum voltage across the center insulation cylinder for any winding 
connection is no less than line-to-line voltage and no more than twice line-to-ground voltage. 

The classical 60° phase-belt two-circuit wye connection also has large phase break voltages. One 
phase break voltage is zero and the other is line-to-line voltage. The classical 60° phase-belt delta 
connections also have large phase break voltages. The elimination of these large phase break volt- 
ages has required the invention of completely new windv_:g arrangements, called voltage gradient 
controlled windings; the more important of these windings will be described presently. 

The 120° phase-belt single-circuit delta connection is the paragon of simplicity. The coils of this 
winding are continuously connected around the periphery of armature. This is allowed because the 
phasor sum of all coil voltage phasors is zero, as illustrated in the circle phasor diagram of Fig- 
ure 2.1-13. The terminals are made by tapping the series loops at three locations 120° apart, as il- 
lustrated in the winding diagram of Figure 2.1-14. This produces a delta winding having 120° 
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phase belts, and this is indicated in Figure 2.1-13 by the phase-belt phasors spanning 120° portions 
of the phasor circle. The voltage difference between adjacent conductors anywhere in a conductor 
layer is no more than a few coil voltages, and large phase break voltages are nowhere to be found. 
The phase-belt creepage stress for this winding is low compared to windings to be discussed shortly. 

£^-^-.827 -^- - (2.1-2) 

T 7rr 

This winding might seem at first glance to be ideal for the high-voltage generator, except for one 
annoying difficulty: the magnetic flux distribution produced by the 120° phase belts contains even 
harmonics which produce rotor vibratory forces. Appendix C analyzes this phenomenon and con- 
cludes that although the even harmonic content of the flux can be reduced, it cannot be entirely 
eliminated. The magnitude of the resulting rotor vibrations is difficult to quantify and may be . 
dependent on resonance conditions. The philosophy of prudence excludes this winding arrange- 
ment for consideration for the high-voltage generator. 

A 60° phase-belt two-circuit delta connection was developed by the Massachusetts Institute of 
Technology for application to their superconducting generator effort (Refs. 2.1-2 and 2.1-4). Fig- 
ure 2.1-15 illustrates a circle phasor diagram for this winding and Figure 2.1-16 illustrates the wind- v ^ 
ing diagram. This winding utilizes a novel phase joint connection to eliminate large phase break 
voltages. Consider the phase belt labeled Ai on Figure 2.1-15. The last conductor of this phase 
belt, a conductor on the outer layer, is joined to the neighboring outer layer conductor of the adja- 
cent phase, marked B t . This causes phase-belt Bi to be wound in the reverse sense, and the phase 
belt labeled B x on Figure 2.1-15 is therefore depicted as being reversed from its original position on 
the circle phasor diagram. The same type of connection is performed on the inner layer conductors 
at the junction of phases B x and Ci; this causes the direction of phase C, to be restored to its origi- 
nal direction. The phase belt labeled C! on Figure 2.1-15 is therefore depicted in its original direc- 
tion although it is shifted from its original position on the circle phasor diagram. The connection of 
the phase belts in this manner has produced a closed delta out of phase-belts Ai, B| t and Ci, and 
has eliminated any large phase break voltages. The phase joint connection scheme is continued for 
phase-belts A 2 , B 2 , and C 2 , producing direction reversals for phases A 2 and C 2 . A second closed 
delta is formed from phases A 2 , B 2 , and C 2 , and this delta is paralleled with the first delta, as is 
depicted with the parallel connections indicated on Figure 2.1-15. 



The phase-belt creepage stress for the 60° phase-belt delta connection is 



JEU- — - 1-654 -£=L (2.1-3) 



IT 



The phase-belt creepage stress for this winding is considerably larger than that for the other wind- 
ings and may require special engineering treatment. Section 2.5.2 discusses this topic in greater de- 
tail. 

A special 60° phase-belt two-circuit graded wye connection eliminates large phase break voltages 
through the liberal application of coil jumpers. Figure 2.1-17 illustrates the circle phasor diagram 
for this winding, and Figure 2.1-18 illustrates the winding diagram. If the edge-most coil on the 
left side of the phase belt is connected to ground, it is in turn connected to the edge-most coil on 
the right sine of the phase-belt through a coil jumper. The edge-most right side coil is connected to 
the second-to-edge coil on the left side of the phase belt, and the second-to-edge left-tide coil is 
subsequently connected to the second-to-edge coil on the right side of the phase belt. This process 
is repeated, back and forth, until the center of the phase belt is reached, and the last coil to be con- 
nected becomes the high-voltage terminal. The other phase belts are connected in a similar 
manner. The result of these connections is that the edges of all phase belts are at or near ground 
potential and the voltage is graded from the edges to the center of the phase belts. It requires a 
considerable number of coil jumpers to perform these connections, and for a winding requiring as 



v. 
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many turns as the high-voltage winding, the coil jumper system is certain to be cumbersome. The 
phase-belt creepage stress is the highest yet encountered: 



1.910 «.l-4) 



This winding arrangement can also be performed with 120* phase belts, although such a winding 
™p7oSuce the same rotor vibratory forces that the 120' phase-belt delta wmding produces. 
The preferred winding arrangement for the monolith cylinder high-voltage armature is the 60' 
phase-belt two-circuit delta connection, from considerations of electrical configuration, magnetic 
symmetry, and practicability of manufacture. 
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Figure 2.1-11. Circle Phasor Diagram of the Classical 60° Phase-Belt Single-Circuit Wye- 
Connected Winding 
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Figure 2.1-13. Circle Phasor Diagram of the 120° Phase-Belt Single-Circuit Delta-Connected 
Winding 
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Figure 2.1-15. Circle Phasor Diagram of the 60" Phase-Belt Two-Circuit Delta-Connected 
Winding 
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Figure 2.1-17* Circle Phasor Diagram of the 60° Phase-Belt Two-Circuit Graded-Wye Winding 
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2.2 SIZING STUDIES 



2.2.1 Sizing Studies for Diamond Coil Armatures 

Calculations of machine dimensions and parameters were performed for machines having diamond 
coil windings with the straight sections extending over the field winding active length. The basic 
equations used in calculating the machine parameters for diamond coil windings are those reported 
in Reference 2.2-1. These equations have been in common use for some time, and have been 
derived from two-dimensional polar coordinate solutions of the magnetic field equations. Correc- 
tions for end winding effects are made in the form of additive corrections to the inductances. The 
equations model the machine in terms of annular regions of field winding and armature winding to 
which an overall current density is assigned. The equations have explicit provisions for an annular 
space between the armature winding and core, and between the armature winding and rotor. Space 
between layers of the armature winding can be incorporated by modeling the armature winding as 
two concentric single-layer armature windings connected in series. Reference 2.2-2 presents equa- 
tions with sufficient generality to do this. 

The results which are reported here have been obtained from a computer program containing such 
a model. The program computes dimensions for a family of machines of a given power rating and 
transient reactance. 

Power rating and transient reactance are parameters of prime importance to this program formula- 
tion because the program iterates armature thickness and machine length to achieve the required 
reactance and rating. To find the appropriate armature thickness and length, many other parame- 
ters besides rating and length must of course be specified. These parameters include field winding 
radius, thickness, and current density, inner conductor layer inside radius, outer conductor layer in- 
side radius, conductor layer current density and iron core inside radius. The program requires ex- 
plicit selection of the field winding parameters and a radius for the inner surface of the innermost 
insulation cylinder. In addition, a voltage rating and insulation dielectric stress must be specified. 
The program then determines the required insulation cylinder thicknesses and spaces the conductor 
layers and the core inside radius appropriately. The thicknesses of the conductor layers are not 
equal, but both layers are assumed to operate at the same current density, so there is only one in- 
dependent conductor layer thickness variable. 

For a given set of these parameters, the program first iterates the length to achieve the required 
output, and then adjusts armature thickness, etc., in the direction required to obtain the required 
transient reactance. The entire process is repeated until a length and armature thickness which 
result in both required rating and reactance are determined. 

Nothing in the foregoing has discussed space requirements for rotor shielding. The space required 
for rotor shielding is an important part of the spacing between field and armature windings, but 
once that spacing has been determined, rating and transient reactance for the geometry can be 
determined without further reference to rotor shielding. 

The outer electromagnetic shield is the largest member of the rotor shielding system. The principal 
requirement on this member is that it be strong enough to survive the combination of centrifugal 
and magnetic loads imposed on sudden short circuit. The magnitude of the sudden short circuit 
load is determined by the design of the other components of the generator. From considerations of 
rating and reactance alone, the closest possible field-to-armature spacing results in the most com- 
pact design, but very thin shields do not have the strength to withstand the high crushing loads 
when the armature experiences a sudden short circuit. 
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The program accommodates shield design indirectly. The shield inside radius is determined by ad- 
ding to the field winding outside radius a small allowance for a radiation shield and torque tube. 
The armature inside radius is stepped through a range of values. The appropriate winding 
thicknesses and machine length are determined for each armature inside radius. For each armature 
inside radius, the shield thickness is stepped through a range of values limited by the armature in- 
side radius. For each shield thickness, the peak stress under short circuit conditions is computed by 
combining magnetic and centrifugal loads. The results are printed. Selection of a design with satis- 
factory shield stresses is performed by hand. 

Any or all of the parameters described above can be varied systematically to determine the impact 
on overall machine size and configuration. 

To keep the volume of work manageable, it is wise to concentrate on the effect of certain variables, 
holding others constant at representative values. Terminal voltage, insulation dielectric stress, and 
output MVA rating are of special interest to this study. Therefore, these factors will be indepen- 
dent variables in this study. 

In many parametric studies, including this one, the relation between length and diameter is of in- 
terest. Length is a dependent variable in this formulation, so field winding diameter is used as an 
independent variable. 

Field winding parameters other than diameter have not been varied. A well-designed superconduct- 
ing coil, in the size ranges to be considered, will conservatively operate at an overall current density 
of about 10,000 A/cm 2 in ambient magnetic fields of 6 to 7 tesia. An annular field winding, ac- 
cording to the equations used, will generate a maximum flux density of about 6.5 tesla in the wind- 
ing if its thickness is about 3 in. Although field winding current density and winding thickness 
could have been traded against one another at constant field, or at constant short sample margin, 
the effect of such trade-offs is not expected to be materially different for high-voltage superconduct- 
ing generators than from that for other superconducting generators. 

For similar reasons, the clearance between the field winding and the electromagnetic shield inside 
surface was not varied. A 2 1/2-in. total was allowed for the coil housings and plates, the torque 
tube, and the radiation shield. 

For most work, the current density over the annular regions devoted to the conductor layers has 
been maintained at the value of 150 A/cm 2 , which has proved appropriate in previous work with 
low-voltage superconducting generators. However, a brief look at the effect of this parameter was 
performed, in recognition of the possibility of a low packing factor in high-voltage windings. 

Transient reactance is a parameter with a significant effect on machine size (lower reactances pro- 
duce larger machines). However, the benefits of reduced reactance accrue not to the design of the 
generator but to the power system as a whole. To completely evaluate this effect would require 
analysis beyond the scope of this program. These parametric studies have been performed for tran- 
sient reactance — 0.27. 

Both the stress occurring in the electromagnetic shield following sudden short circuit and the max- 
imum value of that stress depend on the material of the shield. This study assumes a shield ma- 
terial with a density of 0.29 lb/in. 3 , a modulus of 30 x 10 6 psi, and an allowable stress of 
120,000 psi. These values are typical of several iron- or nickel-base high-strength alloys. 

The principal results of this study are basic dimensions for machines of the following ratings: 
300 MVA, 230 and 345 kV; 600 MVA, 245 and 500 kV; 900 MVA, 345 and 500 kV; and 
1200 MVA, 500 and 750 kV, all at 0.9 power factor. These results are obtained for an insulation 
stress of 50 kV/in. The effect of varying the armature current density and insulation stress have 
been investigated for the 600 MVA, 345 kV rating. 
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Table 2.2-1 is a sizing study for the 600 MVA, 345 kV rating and is typical of tables prepared for 
each combination of rating and voltage. The independent variable in this case is the field winding 
outside radius i? 2 . Field winding thickness, field-winding-to-shield spacing, shield-to-armature spac- 
ing, and the thicknesses of the insulation cylinders are ail fixed for all machines in the table. The 
table entries are the dimensions of the shortest machines having acceptable shield stresses. (They 
are also the machines with the smallest armature inside radius and acceptable shield stresses.) Fig- 
ure 2.2-1 presents the same information as Table 2.2-1 with smooth lines drawn between the 
points. 

Table 2.2-1 

HIGH- VOLT AGE GENERATORS AT 600 MVA, 345 kV 
DIAMOND COIL WINDINGS 
150 A/cm 2 CURRENT DENSITY, 50 kV/in. INSULATION STRESS 
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17.5 
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23 
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30.3 
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62 
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R, - 


field winding inside ratiiis, is. 


R 7 - 


inner conductor layer outside radius, in. 


R 2 - 


field winding outskte T»rttrry in. 


Rg - 


outer conductor layer inside radius, in. 


R 3 - 


shield inside radius, in. 


R 9 - 


outer conductor layer outside radius, in. 


R4- 


shield outside radius, in. 


Rio - 


core inside radius, in. 


R 5 - 


armature inside radius, in. 


R„ - 


core outside radius, in. 


R 6 - 


inner conductor layer inside radius, in. 


L - 


Length, in. 






X" - 


subtransient reactance, p.u. 






X' - 


transient reactance, p.u. 






X - 


synchronous reactance, p.u. 



The required shield thickness increases substantially as R 2 increases, ranging from 2 to 4 in. in the 
example shown. This increase is typical. It should be noted that the program steps dimensions in 
one-inch increments. As a result, the most precise statement that can be made is that shield thick- 
ness varies from between 1 and 2 in. for small R 2 to between 3 and 4 in. for larger R 2 . The 
minimum shield thickness requirement for any R 2 is substantially less than for low-voltage super- 
conducting generators, so some of the shield forging availability problems anticipated for those 
machines may be alleviated. The reduced shield thickness requirement is in part due to larger reac- 
tances than those proposed for low-voltage machines and in part due to decreased magnetic cou- 
pling owed to the large insulation volume. 

Surprisingly, armature thickness varies only slightly over the range of R 2 , and Figure 2.2-1 shows 
many essentially parallel lines. The greatest trend observable in Figure 2.2-1 is in the core outside 
radius R u * This radius increases substantially faster than its inside radius Rio- Core thickness is 
calculated by determining the total Oux incident on the core and then providing a sufficient thick- 
ness for the same flux to flow in the core without exceeding 1.5 tesla flux density in the core. The 
core thickness varies from 28% to 42% of mean radius in Table 2.2*1, implying a substantial varia- 
tion in core ring-mode stiffness. If the ring-mode stiffnesses are inadequate, thicker cores than 
those described here may be required. 
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Figure 2.2-1. 
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FIELD OUTSIDE RADIUS R 2 , INCHES 

Radial Dimensions for the 600 MVA, 345kV High-Voltage Generator with Dia- 
mond Coil Windings 



Figure 2.2-2 shows the variation of active length as a function of R a - To provide insight into the 
Sng proportions, several significant diameters are plotted on the same scale. The rotor outs.de 
dSter I 2R«. It can be seen that the rotor ranges from very long and thin O^Mta-I «* 
thin for acceptable rotor dynamics) to very short and squat. The core outside diameter is 2R„. 
¥Se overall machine is seen to have a length-to-diameter ratio of less than one for large values of 
R 2 . 

The core inside diameter is 2R 10 . The relation of this number to the length of the machine is 
significant in determining the validity of assumptions underlying the ^^^^S^T 
model assumes R l0 /L « 1. As this ratio approaches 1, the accuracy of the basic formulaUon di- 
minishes. For the case represented in Figure 2.2-2, results for values of R 2 ^J***™- arC 
suspect. These comments do not imply that short, squat machines are or are not unattractive 
designs. However, the existing methodology cannot make a reliable assessment. 
representation of three-dimensional magnetic fields is required to permit the true merits of these 
designs to be assessed. 

Table 2.2-1 shows that when machines of different radius R 2 are held to constant *™^JZ** 
tance; the other reactances do not vary much with R 2 . This observation holds for the whole range 
of ratings, although the values which the subtransient and synchronous reactances assume do vary 
from case to case. 

For each voltage and power rating, one "best" machine has been selected from a table like Ta- 
ble 2.2-1. The selection is to some extent subjective. Long, low-diameter rotors have been avoid- 
ed. Core outside diameters have been kept within reason by imposing an arbitrary cutoff of ijb > in. 
A stator this large is at the limits of that which can be shipped by railway; a smaller limit may be 
more appropriate. The ratio of core inside diameter to length has also been considered, ine 
designs selected are from the upper end of the range over which the two-dimensional analysis is 
thought to be applicable. 
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Figure 2.2-2. Length at Diameter for the 600 MY A, 345 kV High- Voltage Generator with Dia- 
mond Coil Windings 

Table 2.2-2 and Figure 2.2-3 summarize these designs. No surprising trends are revealed. The out- 
side radius of the 1200 MVA, 765 kV design exceeds even the generous self-imposed limit dis- 
cussed above, but a machine with a one inch smaller field winding is excessively long. Significantly 
higher ratings may require higher dielectric working stresses, special assembly or shipping methods, 
relaxed reactance requirement, or some other means of extending the art. 

Table 2.2-2 

BEST HIGH-VOLTAGE GENERATORS OF EACH RATING 
DIAMOND COIL WINDINGS 
150 A/cm* CURRENT DENSITY, 50 kV/in. INSULATION STRESS 
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16 


18.7 


21.8 


27.1 


29J 


31.9 


45.5 


99 


.20 


.27 


J3 


300 


345 


7 


10 


12.5 


14.5 


16 


20.0 


22.7 


30.7 


32.5 


36.5 


48.4 


120 


.21 


.27 


.32 


600 


345 


9 


12 


14.5 


17.5 


19 


23.0 


26.2 


34.1 


36.4 


40.4 


56.7 


131 


.20 


.27 


.33 


600 


500 


9 


12 


14.5 


16.5 


19 


24.8 


27.5 


39.1 


40.9 


46.7 


60.9 


162 


.22 


.27 


J2 


900 


345 


11 


14 


16.5 


20.5 


22 


26.0 


29.5 


37.5 


40.0 


44.0 


65.2 


119 


.20 


.27 


.34 


900 


500 


11 


14 


16.5 


19.5 


21 


26.8 


30.0 


41.6 


43.8 


49.5 


68.4 


140 


.22 


.27 


.33 


1200 


500 


12 


15 


17 .5 


2U 


23 


28.8 


32.1 


43.7 


46.0 


51.7 


72.8 


154 


.21 


.27 


.33 


1200 


765 


12 


15 


17.5 


20.5 


22 


30.8 


33.7 


51.4 


53.2 


62.0 


79.7 


194 


.23 


.27 


J2 



Note: Headings R| - X are identical to those listed in Table 2.2-1. 
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Figure 2.2-3. High-Voltage Generators of Varying Ratings 



orient density is a substentM increKe ,n machine »1«™J™'SS were changed 
current density design are somewhat larger * ^„ fu „tach larger «s selected for 

st-ssas^sa* »- - - — - 

changed in a geometric, rather than arithmetic, progression. 



Table 2.2-3 

600 MVA, 345 kV HIGH-VOLTAGE GENERATORS 



Ja.af cm 1 W,kV/in. 



37.5 
75 
150 
150 
150 



50 
50 
50 
75 
100 



10 
9 
9 
9 
9 



13 
12 
12 
12 
12 



15.5 
14.5 
14.5 
14.5 
14.5 



R4 

18.5 
17.5 
17.5 
17.5 
17.5 



20 
19 
19 
19 
20 



24.0 
23.0 
23.0 
21.7 
22.0 



34.1 
28.7 
26.2 
25.3 
25.5 



42.1 

36.6 

34.1 

30.6 

29.5 



R9 

48.6 

40.4 

36.4 

33.2 

32.2 



52.6 
44.4 
40.4 
35.9 
34.2 



67.8 
59.4 
56.7 
54.2 
53.4 



146 
153 
131 
108 
104 



II 
.22 
.21 
.20 
.20 
.19 



IL 
.27 
.27 
.27 



Note: Headings R, - X are identical to those listed in Table 2.2-1 
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Figure 2.2-4. The Effect of Varying Armature Current Density and Insulation Dielectric Stress 
in the 600 MVA, 345 kV High- Voltage Generator 



The results for increasing insulation dielectric stress show an interesting effect. The increase from 
50 to 75 kV/in. shows a significant reduction in machine volume; a further increase from 75 to 
100 kV/in. shows a much smaller reduction. Some part of this effect may be due to the fact that 
the insulation thickness, which is a variable which directly influences machine size, is the inverse of 
the dielectric strength (i.e., the first increment represents a 33% reduction in insulation thickness, 
but the second represents only a further 25% reduction). A further part of the observed effect is 
due to the discrete step sizes incorporated in the program. In going from the 75 kV/in. to the 
100 kV/in. dielectric stress, the armature inside radius R 5 increases an entire inch. The increase is 
necessary because the smaller machine would have unacceptable shield stresses. This increase 
affects all the dimensions outside R 5 . If the program incremented dimensions in smaller steps, 
more change would be observed between the 75 kV/in. and 100 kV/in. cases. Finally, part of the 
effect observed represents the fundamental non-linearity of the problem. Even at zero insulation 
thickness, a finite machine volume is required. The effect of insulation thickness on machine 
design should not be significant until insulation volume becomes significant with respect to that of 
other components. 

2.2.2 Sizing Studies for Helical Coil Armatures 

The helical coil armature produces a magnetic field which is inherently three dimensional, unlike 
the conventional diamond coil armature. For the purpose of calculating the magnetic fields and the 
associated inductances, an armature model based upon ar infinitely long helical structure can be 
used with acceptable accuracy, as indicated by Reference* 2.2-2 and 2.2-3. This model was adapted 
to the sizing study computer program to allow comparative studies of the helical coil armature 
designs. 

The computer model of the helical coil armature presented a number of difficulties in the calcula- 
tion of machine reactances. The major difficulty arises in the calculation of the coupling of the field 
and shielding system to the armature, since the field and solid shield are modeled as straight wind- 
ings of infinite length. It was unclear, at first, how a consistent marriage of the two approaches 
could be achieved. 
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\ This* problem was addressed in a paper by Umans, et at. (Ref- 2 - 2i f) to developing a ^toe^^ ■ ■ 
dimensional machine modeL Without resorting to the complexify of ttieir model, the foljp^ng \ 
! scheme was used.: In the calculation of the self-inductances of the field winding and the shielding 
! system, 'Me straight winding calculations were retained. The self-inductance of the armature wind- 
ing was calculated using the helical winding representation; the thickness of the windi^ was * v 
; represented by a weighted sum of current sheet representations; since finite-thickness helical wind- 

■ ing formulae are intractable. The mutual coupling of the field winding to the shielding system was 
; computed by using the straight winding inductance formulae. The coupling of the field wincling and 

shield to the armature is most readily: accomplished by representing them all as helical _ w indi ngs. 
; These two straight windings are represented as a number of layers of coincident counter-spEralling 
' helical windings for the purpose of the calculation. In order, to account for the fact that the straight 
i windings produce an axiaUy distributed radial flux pattern (square wave) which is different from 

■ that produced by :the helical winding (a half sinusoid), the results are multiplied by the corrective 
1 factor 4/tt. This factor was chosen since the fundamental component of a square wave has an am- 

plitude 4/ir times as large as the square wave amplitude. No corrections for the end-turn effects 
art made in any of the helical winding formulae, as there is not enough experience with these ! 
windings to justify a correction. It has been assumed that the iron core covers the entire length of \ 
the helical winding. i 

The specified armature current density for the helical coil armature sizing studies will be the current: 
density in direction of the conductor helices. The numerical value of this current density can be 
specified to greater values than were indicated for the diamond coil armature sizing studies. The 
geometry of the diamond coil requires that spaces appear between peripherally adjacent coils in the 
straight sections, even when the end arms are packed tightly (see Appendix B). Helical coils can be 
packed tightly throughout their entire length, so there are no spaces to detract from the applied 
current density. 

Machine sizing investigations for the helical coil armature machines showed a general trend that 
helical coil armature machines have approximately the same radial dimensions as the diamond coil 
armature machines but have longer armature lengths than the diamond coil armature machines. 
This result is in accord with the magnetic coupling behavior of the helical winding. These trends 
are noted in Figures 2.2-5 and 2.2-6, which are similar to Figures 2.2-1 and 2.2-2 of the diamond 
coil armature sizing studies. 

Best designs for the 600 MVA helical coil armature machine at two different voltage ratings are 
shown in Table 2.2-4. These can be compared to the 600 MVA entries in Table 2.2-2 for the dia- 
mond coil armature machines. Again, it can be seen that the helical coil armatures are longer than 
the diamond coil armatures, while the radii are about the same. 

In comparing the helical coil armatures to the diamond coil armatures, one must qualify the active 
lengths which are specified. For the helical coil armature, the active length is the full helix length, 
while for the diamond coil armature, the active length is the length of the coil straight sections. 
The diamond coQ winding has end arms of considerable length (on the order of the outer conductor 
layer diameter), while the helical coil armature has only the additional end length of the series 
loops connections. Further, it is possible to reduce the straight length of the field winding in the 
helical coil armature design without changing the overall machine performance or dimensions 
significantly; this is due to the small coupling near the winding ends. A suitably modified version 
of the sizing program showed that it is possible to reduce the field winding straight length by a dis- 
tance equal to the outer diameter the field winding without any significant damage to machine 
specifications. Thus, the helical coil winding begins to look more favorable than the diamond coil 
winding when viewed in terms of overall machine size. 
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2.3 WINDING FORCES 

In conventional turbine-generator constructions, the load reaction torque and sudden short circuit 
torques and forces are largely absorbed by the iron teeth of the stator core. The conductors are 
shielded from the air-gap flux by the iron teeth and experience only a small force due to cross-slot 
leakage flux. The conductors are firmly anchored in the iron slots by wedging systems that are 
effective in limiting vibration. 

The conductors in a high- voltage monolith cylinder air-gap winding are fully exposed to the air-gap 
flux and must absorb full load torque and sudden short circuit forces. Severe mechanical duties are 
imposed on the insulation cylinders, which must be able to transmit the forces from the conductors 
to the core and frame without excessive vibration or deflections. The mechanical stresses within 
the armature structure must be within the yield limits of the involved materials, with adequate mar- 
gin. Of particular importance are shear stresses wanting to delaminate conductor layer to insulation 
cylinder bonds or the laminations within a laminarly built insulation cylinder. 

The winding forces under both load and sudden short circuit conditions are to be calculated for the 
600 MVA, 345 kV diamond coil armature. The winding has its straight sections over the entire 
flux producing length. The force calculations follow closely the technique of Reference 2.3-1, and 
are later used to calculate mechanical stresses within the armature structure by finite element tech- 
niques. 

Diamond coils having straight sections over the entire magnetic active length are specified so that a 
two-dimensional analysis can be performed. The assumptions to the two-dimensional analysis are: 

1 . The six armature phase-belt currents and the field current are axially directed and are 
represented by thin sheets of uniform current sheet density. 

2. The magnetic field is two-dimensional, having radial and tangential components, and curva- 
ture effects are accounted for by solving the field problem in a cylindrical geometry. 

3. The iron core is perfectly magnetic and the rotor shield is perfectly conducting (in transients). 

4. Only the fundamental harmonic components of the magnetic field are used for computing the 
forces. 

5. End effects are neglected. 

The sample generator for which the forces are to be calculated is the 600 MVA, 345 kV diamond 
coil armature machine produced by the sizing studies of Section 2.2. The dimensions and parame- 
ters of the generator are listed in Table 2.3-1, and Figure 2.3-1 illustrates the terminology. 

The winding pressure is calculated from the Lorenz force expression 

P- 7xB 

where J z - axially directed current sheet density, A/m 
B r — total radial flux density, teslas 
— total peripheral flux density, teslas 

The armature winding are modeled as current sheets lying at the average radius of each conductor 
layer, and sheet current densities are obtained from volumetric current densities by multiplying by 
the thickness of the conductor layer. Since the tangential flux density is discontinuous across a 
current sheet, the average value of the tangential flux densities on both sides of the current sheet is 
used in Equation 2.3-1. 



2-32 



DIMENSIONS OF THE 600 MVA, ! 345 kV DIAMOND COIL ARMATURE 
■ HIGH-VOLTAGE GENERATOR 



J A - rms armature current density at rated load - 1.5 x 10* A/m 2 
J F - field winding current density - 1 * 10* A/m 2 
r fX — field winding inner radius - 9 in., 012286 m 
t/j •- field winding outer radius - 12 in., 0.3048 m 
r f - field winding average radius - 10.5 in., 0.2667 m 
r, - rotor shield outer radius - 17.5 in., 0.4445 m 
r n - inner radius of inner conductor layer - 23.0 in., 0.5842 m 
r n - outer radius of inner conductor layer - 26.2 in., 0.6655 m 
r, - average radius of inner conductor layer - 24.6 in., 0.6248 m 
r ol - inner radius of outer conductor layer - 34.1 in., 0.8661 m 
r„, - outer radius of outer conductor layer - 36.4 in., 0.9246 m 
r, - average radius of outer conductor layer - 35.3 in., 0.8954 m 
r e - core inner radius - 40.4 in., 1.0262 m 
X s — synchronous reactance — 0.33 pu 
X" - sub-transient reactance — 0.20 pu 



"During steady state °~ /™ STiS SEi^ 

£SJ s e X£^ -ItagL and ^J-j*" * » Fig- 

u« 2 3^2 and it is seen that the armature flux lags behind the rotor flux by an angle of 
90 + ♦ + 6 Therefore, the superposition of the rotor and armature flux >s 



B-a r cos 0 + B AR cos«H-90+*+6)] 
-fls \b F b »n 0 + B A9 sin (<H-90+*+5)] . 



(2.3-2) 



tween the outer conductor layer and the core. They are. 



_ _3_ 

r-Jl 



- a. 




cos 9 



sln9 r<r, 



cos 6 
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Figure 2.3-1. Cross-Sectional Geometry and Terminology of a Monolith Cylinder Armature and 
Superconducting Rotor 




Figure 2.3-2. Angular Relation of Stator and Rotor Fluxes Under Load Operation 
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. corresponds to the 

A three-phase fault from rated ppehA^aiity^ will cause abnormally 1 

large armature currents and consequent large forces on the armature winding. It is weO knomi that ? 
the armature fault currents contain both dc and ac components, owing to the requirement that the 
armature current cannot change instantaneously at the' moment of fault. .The ac component of ; 
current produces a routing magnetic field, while the; dc component of current produces a stationary 
magnetic field of equal magnitude. The two fields oppose each other at the moment of fault, and 
assist each other at 180° after the fault 

To evaluate the magnetic field created by the armature winding, it is necessary to consider the 
effect of eddy currents in the rotor electromagnetic shield on the magnetic field. If the shield is 
modeled as a perfect conductor that does not allow penetration of the magnetic field below its sur- 
face, a boundary condition is imposed where B* — 0 at the shield surface, and equations for the ar- 
mature magnetic field are derived accordingly. Therefore, the magnetic field produced by the ac 
component of armature current, neglecting time decrements, is: 



B A -a 3 



V2 



7T 



_ 3 

— a 



7T>/2 



n 2 +r? 



+ (r or -r ol ) 




sin 0 r s <r<r, 



a 3 



cos 9 



X" 



sin© iy< /■</•„ 
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)!•**] 
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- 3 
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72 



.J_ r 2 



+ (r 0 r-r 0 i) 



r*-r 2 



1 - 



sin 0 



r 0 <r<r c 



(2.3-5) 
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G.3-8) 



Figure 2.3-9. 

"™.V.K. O-rf TX Halter, -^^^ 

tor Windings of a Superconducting Generator, Paper ri* 

Meeting, 1979. 
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Figure 2.4-1. Finite Element Model of the Armature Structure and Core 
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[The ^tealcu>tioh to be discussed is the'cpndition of sudden short cinniit 1 80* after ktfaoit "1. 
^ff!F e 2 -*~? illustrates exaggerated deflections of the armature structure and core; with the dotted [ 
1 ,mes .^dicating the undeflected positions. I At the armature structure inner surface, the maximum 
outward deflection is 10.3 mils and the maximum inward deflection is 4.2 ^n. At the core outer 
surface, the maximum outward deflection is 6.1 mils and the maximum inward deflection fa 
4,2 mils.; The reason that the outward deflections are greater than the inward deflections' can be ex- 
P bined f f om n 8 **"* of the force distribution. The largest force component is the radial winding 
force, which is approximately equivalent! to the form 

i + ^Lcos2« 

The nonvarying component produces a tensile hoop strain of constant outward deflection around 
the periphery while the cos 29 term produces an ovalization strain of sinusoidal variation around 
the periphery. The ovalization strain adds to the hoop strain at the maximum outward deflection 
and subtracts from the hoop strain at maximum inward deflection, thus explaining the difference 
between maximum outward deflection and inward deflection. Figure 2.4-3 is a contour plot of the 
peripheral stress. Values of the stresses at the contour lines are listed in the figure and minimum 
and maximum points are marked. The dotted line is the contour of zero stress. The maximum 
peripheral stress is 1512 psi tensile in the inner insulation cylinder. The minimum peripheral stress 
(maximum compressive) is 445 psi in the core. Figure 2.4-4 is a contour plot of the radial stress. 
Both the maximum tensile stress of 131 psi and maximum compressive stress of 561 psi occur in 
the inner conductor layer. Figure 2.4-5 is a contour plot of the t-9 shear stress. This is considered 
to be an important quantity because it is in such an orientation as to delaminate the insulation 
cylinders or the conductor to insulation bonds. The maximum shear stress of 235 psi is found in 
the center insulation cylinder, although a shear stress of 200 psi is found all the way from the inner 
conductor layer to the core. 
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Figure 2.4-5. 



Contour Plot of the t-f Shear Stras, 180* after Sudden Short Circuit 
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The next calculation to be discussed is the condition of sudden short circuit 90* after the fault. 
This condition has the largest tangential loading on the winding. The radial loading is also large, 
but not as great as exists at 180° after the fault. Figure 2.4-6 illustrates exaggerated deflections of 
the armature structure. As might be expected, the deflections are smaller than the case at 180 # 
after the fault The outward deflections are larger than the inward deflections, indicating the pres- 
ence of a hoop strain. The peripheral stress and radial stress are illustrated in Figures 2.4-7 and 
2.4-8, respectively, and the stresses are lower than those found at 180* after the fault The same 
can be said for the r-fl shear stress illustrated in Figure 2.4-9, where it is seen that the largest shear 
stress within the conductor and insulation region is about 160 psi. Therefore, although the condi- 
tion of sudden short circuit at 90° after the fault has the largest tangential loading of the winding, 
the largest shear stresses are produced by the greater deflections of the armature structure at 180* 
after the fault 

Figure 2.4-10 is an exaggerated illustration of the armature structure deflections under rated load. 
The deflections are expectedly very low. The outward deflection is equal to the inward deflection at 
the armature structure inner surface, while at the core outer surface, the inward deflection is 
greater than the outward deflection. This is due to the compressive hoop strain caused by the core 
inner surface pressure, which dominates over the outward tensile hoop strain of the winding pres- 
sure. It is only at the rated load condition that the core inner surface pressure is anywhere compa- 
rable to the winding forces. Contour plots of the peripheral stress, radial stress, and t-9 shear stress 
are contained in Figures 2.4-11, 12, and 13, respectively. The stresses are also very small. 
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Figure 2.4-9. Contour Plot of the r-0 Shear Stress, 90° after Sudden Short Circuit 
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Figure 2.4-14. Deflection of the Armature Structure and Core, Low-Modulus Insulation, 180* 
after Sudden Short Circuit 
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Figure 2.4*15. Contour Plot of the Peripheral Stress, Low-Modulus Insulation, 180* after Sud- 
den Short Circuit 




Figure 2.4-16. Contour Plot of the Radial Stress. Low-Modulus Insulation, 180° after Sudden 
Short Circuit 
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2.4.2 Mechanical Stress Analysis of the Polygonal Core-to-Annatnre Interface 
A polygonal-shaped core-to-armature interface has been proposed as a practicable means of contain- 
ing the armature structure within the core without resorting to the bonded core-to-annature inter- 
face described in the previous section. An unbonded interface would allow for an easier assembly 
of the armature into the core and would allow for later disassembly if it should become necessary. 
Motion of the armature structure within the core is constrained by interference at the flats of the 
polygonal interface. 

Figure 2.4-18 illustrates the finite element model of the armature structure and core with a polygo- 
nal interface. The armature structure extends from the inner diameter to the polygonal bounclary. 
The core extends from the polygonal boundary to the outer diameter. Additional elements are add- 
ed at a couple of the vertices for increased stress resolution. The modulus of the core is 
17 x 10 6 psi and the moduli of the insulation cylinders and the conductor cylinders is 1 x io pa. 
In modeling the interface between the armature structure and the core, a special element has been 
used which can transmit only compressive forces across the interface. The element will not prevent 
the interface from separating, nor *«i it transmit a shear force across the interface; therefore, we 
polygonal geometry of the interface is the only means by which the winding is immobilized, similar 
to a nut within a socket. The element used at the polygonal interface is one for which a 'M*™. 
cross-sectional area, and modulus can be specified. The radial length of the interface is 0.060 in. 
Two different modulus cases for the interface elements are analyzed. 
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The first case uses a modulus of 1000 psi. This case can be visualized as having an unbonded 
0.060 m.-thick piece of rubber inserted between the armature structure and the core. The second 
case uses an interface modulus equal to that of the core, 17 x 10 6 psi. This case can be visualized 
as having the armature structure inserted into the core with a line-to-line fit at the interface. 

Figure 2.4-19 illustrates exaggerated deflections of the armature structure and core with the low 
modulus interface at 90° after sudden short circuit. The armature structure has twisted consider- 
ably and the elements at the interface appear to be interfering with each other. The elements do 
not actually interfere, and the illusion is due to the deflection magnitude being scaled to a consider- 
ably greater value than that to which the geometry is scaled. Tangential sliding of the armature 
structure, however, is indeed present and is of the alarmingly great magnitude of .447 in. Such a 
great deflection would surely damage the rubber in the interface, so this design approach must be 
judged to be undesirable. Further discussion of this design will not be presented. 

r gure 2.4-20 illustrates exaggerated deflections of the armature structure and core with the high 
modulus interface at 90° after sudden short circuit. The sliding motion at the interface here is only 
.087 in. The interface also separates at the trailing sides of the vertices. The stresses produced in 
the armature structure and core at 90° after the fault are presented in Figures 2.4-21 through 
2.4-26. Since a material and physical discontinuity occurs at the polygonal boundary, accurate stress 
contour plots can be obtained only by displaying the armature structure separately from the core. 
Table 2.4-1 summarizes the information presented in these figures. 
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Figure 2.4-22. Contour Plot of the Radial Stress in the Core, 90° after Sodden Short Circuit, 
High-Modulus Polygonal Interface 



2-58 



Figure 2.4-24. Contour Plot of the Peripheral Stress in the Core, 90° after Sudden Sh 
cuit, High-Modulus Polygonal Interface 
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Figure 2.4-26. Contour Plot of the x-6 Shear Stress in the Core, 90° after Sudden Short Circuit, 
High-Modulus Polygonal Interface 
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Figure 2.4-27' illustrates' exaggerated deflections of the armature structure and icbre ! with the high 
modulus interface at 180° after sudden short circuit. Only half of the geometry is modeled in this 
figure because of the symmetry of the winding loading. At the armature inner surface, the max- 
imum outward deflection is .0262 in. and the maximum inward deflection is .0128 in. At the core 
outer surface, the maximum outward deflection is .0166 in. and the maximum inward deflection is 
.0132 in. The interface separates at the several locations indicated in the figure, and there is also 
sliding motion at the interface at locations where the radial lines are discontinuous. The maximum 
sliding motion is .0088 in. The stresses produced in the armature structure and core at 180* after 
the fault are presented in Figures 2.4?28 through 2.4-33. Table 2.4*2 summarizes the information 
presented in these figures. 

Many of the stresses are somewhat higher than those calculated for the perfectly bonded interface, 
and it is not surprising to find many of the stress maximums located right at the boundary of the 
polygonal interface. However, all calculated stresses are well within the stated mechanical proper- 
ties of pressboard (Table 2.1-2). 
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Figure 2.4-28. Contour Plot of the Radial Stress In the Armature Structure, 180* after Sudden ^ 
Short Circuit, High-Modulus Polygonal Interface 




Figure 2.4-29, Contour Plot of the Radial Stress in the Core, 180° after Sudden Short Circuit, 
High-Modulus Polygonal Interface 
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STRESSES OCCURRING AT 180° AFTER SUDDEN SHORT CIRCUIT 



Stress 


Figure No. 


Max, psi 


Min, psi 


Stress Line 
Increment, psi 


Radial Stress, 

Armature Structure 


2.4-28 


74 


-608 


40 


Radial Stress, 
Core 


2.4-29 


361 


-566 


SO 


Peripheral Stress, 
Armature Structure 


2.4-30 


866 


-303 


80 


Peripheral Stress, 
Core 


2.4-31 


2938 


-1672 


250 


T-6 Shear Sfsss, 
Armatu.c Structure 


2.4-32 


184 


-177 


20 


t-8 Shear Stress, 
Core 


2.4-33 


444 


-440 


50 
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electrical creepage failures, .which .arc 
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> i Creepage failures can occur 



IfM tois to Erounded frame parts along the surfaces of, the insulation cylinders, in Jn 
^^;frOT conductor to conductor along; toe surface of the series loops in the penph 




a critic 



creepage situation 7 requires the union of two se. 
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caficm of iMthemaUcally assoaated criteria to the calculated electric stre^scf 

E possessions of high- voltage step-up transformer designers^. 
•Jr^'TTne electrostatic field solution of an armature end region is easily 



r ysis. Figure 2.5^1 illustrates such a solution of a crude end-region geometry for a ffff f f \ 
\ 345 kV monolith cylinder armature whose radial dimensions were determin^ in the ^ ; 
^ of Section The field solution is mustrated in th^ 

? 'Sections of the toner insulation cylinder, outer insulation cylinder, and cool^t reg^bh ^v^flfl^ ^" r * 
I along With outlines of the winding series loops, core, anil tank wall. The: finite element analysis aci 
■ counts for the cylindrical nature of the geometry; the finite element model is actually an annulus 
being viewed in a radial-axial cross-section. The insulation cylinders and coolant regions are given 
dielectric constants of 4.5 and 2.2, respectively, corresponding to a dielectric system of pressboard 
and transil oil. The outline of the series loops is placed at line-to-ground potential, and the outlines 
of the core, tank wall, and inner surface of the inner insulation cylinder are placed at ground poten- 
tial. The lines illustrated in the field solution are lines of constant potential, and the electric field 
vectors must be visualized normally to these lines. The finite element analysis allows the potentials 
and field to possess a sinusoidal variation in the peripheral direction. Most two-pole winding ar- 
rangements produce a twice-per-revolution variation of the potentials and field. 

Three different calculations were performed for slight variations in the geometry of Figure 2.5-1. 
The first calculation utilizes 50 V/mil insulation cylinders and a 17 in. extension from the series 
loops to the tank wall. The second calculation utilizes 75 V/mil insulation cylinders, which have 
the efTect of shrinking the radial dimensions. Axial dimensions were kept the same. The third cal- 
culation utilizes 75 V/mil insulation cylinders with the extension distance increased to 27 in. Two 
creepage paths are defined: the upper creepage path, extending from the core to the series loops 
along the outer insulation cylinder, and the lower creepage path, extending from the series loops to 
the tank wall along the inner insulation cylinder. The highest creepage stresses are seen to be locat- 
ed near the core on the upper creepage path and near the series loops on the lower creepage path. 
High creepage stresses at such locations can initiate a creepage failure along the entire length of the 
creepage path. Numerical values of these creepage stresses are contained within Figure 2.5-1. The 
effect of going from 50 V/mil insulation to 75 V/mil insulation is to increase the creepage stress at 
both locations. Increasing the extension distance does not affect the creepage stress at the lower 
creepage path. The creepage stresses are apparently a strong function of the insulation cylinder 
thickness and a weak function of the axial extension. 

A criterion of the creepage stress along a creepage path can be performed by plotting the average 
creepage stress as a function of path distance on log-log paper. The average creepage stress is 
defined as 

V — V 

r o r X 



-V v- 



where V 0 is the voltage at the path start and V x is the voltage at distance x along the creepage path. 
Such a plot is illustrated in Figure 2.5-2 for the lower creepage path. The criterion is applied by su- 
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Figure 2.5-1. 



extension distance 
17" and 27" 

Electrostatic Field Solution of a 600 MVA, 345 kV Monolith Cylinder End Re- 
gion 
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x-distance, inches 

Figure 2.5-2. Creepage Plots of the Lo*er Creepage Path for the 600 MVA. 345 kV Monolith 
Cylinder End Region 
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x-distance, inches 

Figure 2.5-3. Creepage Plots of the Upper Creepage Path for the 600 MVA, 345 kV Monolith 
Cylinder End Region 
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Figure 2.5-4. Electrostatic Field Solution of a 600 MVA, 345 kV Monolith Cylinder End Re- 
gion with Rounded Contours 
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Figure 2.5-5. Creepage Plots for the 600 MVA, 345 kV Monolith Cylinder End Region 
with Rounded Contours 



Designing the end region of a 600 MVA, 500 kV monolith cylinder armature without using less 
than 50 V/mil insulation cylinder stress provides a greater challenge. Figure 2.5-6 illustrates the 
field solution for an end region with these specifications. The radial dimensions are from the sizing 
studies of Section 2.2. Figure 2.5-6 is not to scale with Figure 2.5-4. Figure 2.5-7 illustrates the 
creepage plots f^ this design. The upper creepage plot is barely confined within the gray area, 
while the lower creepage plot is well above the gray area. Further innovations will be required to 
qualify a design at this rating. 
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Figure 2.5-6. Electrostatic Field Solution of a 600 MVA, 500 kV Monolith Cylinder End Re 
gion (Case #1) 
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Figure 2.5-7. Creepage Plots for the 600 MVA, 500 kV Monolith Cylinder End Region 
(Case #1) 



A crude innovation is illustrated in Figure 2.5-8, where a large mound of insulation is added to the 
inner insulation cylinder in the end region. The shape of this mound near the series loops is such 
that the surface is nearly parallel to the series loops and local equipotential lines. The effect of this 
surface is to bring the creepage plot of the lower creepage path into the gray area, as illustrated in 
Figure 2.5-9. 
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Figure 2.5 8. Electrostatic Field Solution of a 600 MVA, S00 kV Monolith Cylinder End Re- 
gion (Case #2) 
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Figure 2.5-9. Creepage Plots for the 600 MVA, 500 kV Monolith Cylinder End Region 
(Case #2) 

Figure 2.5-10 illustrates a refined creepage mound containing convoluted surfaces. The philosophy 
of this mound is similar to the previous one in that it contains surfaces parallel to the series loop 
contour. The wavy shape of this creepage path is preferable to the smoother shape of the previous 
mound. Figure 2.5-11 illustrates the creepage plot of this design. 
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Figure 2.5-10. Electrostatic Field Solution of a 600 MVA, 500 kV Monolith Cylinder End Re- 
gion (Case #3) 
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Figure 2.5-11. 
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Creepage Plots for the 600 MVA, 500 kV Monolith Cylinder End Region 
(Case #3) 



An important conclusion to be drawn From these exercises is that the end-region axial creepage sit- 
uation has a limiting effect upon the allowable design stress of the insulation cylinders. It is found 
that higher insulation design stresses (producing thinner insulation cylinders) greatly increase the 
axial creepage stresses. If it was difficult to design an end region at a 500 kV rating with 50 V/mil 
insulation, it may be impossible to design an end region for a 500 kV rating with 75 V/mil insula- 
tion. Similarly, a 765 kV rating would have to use much less than a 50 V/mil insulation design 
stress. 

The design of the monolith cylinder end region must also consider peripherally directed electrical 
creepages. This type of creepage results from the peripheral variation of voltage at the series loops 
and is similar to the phase belt creepage discussed in Section 2.5.2. The solution to this problem is 
the placement of baffles between peripherally adjacent series loops, as illustrated in Figure 2.5-12. 
These baffles extend axially beyond the series loops to a location where the magnitude of the peri- 
pheral creepage is no longer critical. This location may be found by calculating the maximum al- 
lowable peripheral creepage stress and then locating its position with the aid of a finite element 
electric-field solution. 
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Figure 2.5-13. Peripheral Creepage of the 60 8 Phase-Belt Two-Circuit Delta-Connected Wind- 
ing Calculated Over the Same 90° Path for Successive Instances of Time 
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Figure 2.5-14. Vertical Dividers Used as Peripheral Creepage Baffles 
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Itff*^#i^ for the equipment PCT bil Jwas developed tb eliminate the flainmatnl^r ^ ^ 1^ 

I prpWem, WtrcFoil ^ in recent times been outlawed due to its toxicity. Silicone bil has«ce^t^ ?1 * 
v P*?* developed to replace PCB oil as a lo^flammable fluid. It can beGmahufactured in a target * 1^4 
range of viscosities, with the highest viscosity having the lowest flammabOity, and vice versa. A T \ * 
particular grade of silicon oil identified as having suitable nonfiammabfliiy is several times more 
viscous than transil oil (Ref. 2.6-1). Silicone oil is considerably more expensive than transit oil. 
Lastly, Freon 113, a fluorocarbon fluid manufactured by DuPont, is nonflammable and of low 
viscosity. However, Freon 113 has a low boiling point (47.6 °C) and would require pressurization 
in order to be used in machinery at the higher temperatures that are typical of electrical equipment. 
There are other fluorocarbons that have higher boiling points, but they are considerably more ex- 
pensive than Freon 113, which is itself considerably more expensive than transil oil. 

The configuration of conductors and cooling tubes within the winding layer is illustrated in Fig- 
ure 2.6-2. Individual conductors and cooling tubes are alternatingly stacked in a column, and there 
is always one more cooling tube than conductor in the column, so that the column may be flanked 
by cooling tubes at both the top and bottom. The conductor and cooling tube columns are 
sandwiched between vertical dividers, which serve as mechanical support and as electrical insulation 
between peripherally adjacent conductors. The tops and bottoms of the vertical dividers may be ex- 
tended into the cylinder insulations in order to serve as barriers to peripherally directed electrical 
creepage, as described in Section 2.5.2. All adjacent surfaces in the winding layer assembly are 
bonded. The conductors are comprised of transposed copper filaments (14, 16, or 18 AWG 
enamel-coated magnet wire) formed in a rectangular configuration. The filaments may be organized 
into concentric layers having opposite transposition directions. The cooling tubes should be 
wrapped with turn-to-turn insulation in order to prevent radially adjacent conductors from having 
contact through the tube. In order to reduce eddy current losses in the cooling tubes, stainless 
steel is the preferred material, being nonmagnetic and having a high electrical resistivity. The cool- 
ing tubes are not electrically connected and are merely terminated at the ends of the winding. 

The cooling passages of the inner and outer winding layers are fed from the same fluid reservoir at 
one end of the machine and both discharge into a similar reservoir at the other end of the machine, 
so the fluid flow pressure drop will be the same for both the inner and outer layers. Therefore, it is 
convenient to formulate the fluid-flow equations with the pressure drop as input. The flow velocity 
of the coolant is 



V 2/Lp s 



(2.6-1) 
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tne^Srurtuknt flow conditionsTbased on the experience of fluid ^/^^an^k 
tonal generators. When the flow condition is laminar, thefriction factor is bas^ onh^ on ^ durt , 
dimensions and the Reynolds number. . k^U\K^U^^^iTiy^^^\t*- 

where'the friction coefficient, is based only on me aspect ratio of the duc^ as flt^dta 
FfcJJe 2 6-3. When Equations 2.6-2 and 2.6-3 are combined into Equation 2.6-1, the following 
flow velocity equation which is convenient for laminar flow conditions results: 

v LPgD* jtu (2.6-4) 
K ~ liiKL s 

If the laminar flow friction factor is of any interest, it can be calculated after 
velocity. It is good practice to calculate the Reynolds number, to check that the flow condition is 
indeed laminar. 

After completing its course through the winding, the temperature rise of the coolant is 

W 



C, VAp 



(2.6-5) 



where W - heat input per cooling passage, watts 

Watt"— ' 5 

C p - specific heat of the coolant, Qfr-'C) 

A - cross-sectional a\c*„ of the coolant passage, in. 3 
The heat input is comprised of the conductor I 2 R losses, the conductor eddy current losses, and 
the cooling tube eddy current losses. 

For coolant passage dimensions which are typical for the described winding "a^*"* *J flow 
condition of Freon 1 13 is turbulent, while that of transil oil and of silicone oil is aminar The 
coolant properties of these substances are contained in Table 2.6-1. which ^"J^KStaT 
temperature curves where they exist (Figures 2.6-4 and 2.6-5). The v.scosity temperature depen- 
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Figure 2.6-3. Laminar Flow Friction Coefficient for Rectangular Dncts 



Table 2.6-1 
COOLANT PROPERTIES 





Freon 113 


Transit 
Oil 


Silicone 
Oil 


Density^] 


0.0S6 


0.0303 


0.0347 


Viscosity j-^-J 


3.47 x 10 -s 


Fig. 2.6-4 


Fig. 2.6-4 


Specific Heat 


413.8 


Fig. 2.6-5 


668.2 


Flow Condition 


turbulent 


laminar 


laminar 



dence of transit oil and silicone oil deserves comment, because these fluids warm up their viscos- 
ity decreases, thereby increasing their cooling performance. This viscosity temperature dependence 
also poses a problem with respect to the cooling calculations. The coolant is heated as it travels - 
down the coolant passage, and, correspondingly, its viscosity decreases as it travels down the pas- 
sage. But the flow velocity must be constant over the length of the coolant passage, so according to 
Equation 2.6-4, there must be an equivalent single value of viscosity for the entire length. This * 
enigma is accommodated in an iterative cooling calculation procedure which determines the viscosi- 
ty at the coolant passage mid-temperature of the previous iteration. At the first iteration, the mid- 
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Figure 2.6-4. Viscosity of Transit Oil and Silicone Oil vs. Temperature 
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B $ — maximum tangential flux density, T 



The eddy current loss of a rectangular stainless steel cooling tube is 



24p, 



[ 2*, 2 ( Aw 3 - h' w' 3 ] + * J ( wh 3 - w' A' 3 )] W\ (2.6-10) 



where h — tube height, m 
w — tube width, m 
h' — internal height, m 
w' — internal width, m 

The effect of increasing temperature is to increase the electrical resistivities, resulting in increased 
I 2 R losses and reduced eddy current losses. 

Cooling calculations can also be performed for the insulation cylinders. The insulation cylinders 
have rectangular cooling passages which are regularly interspersed throughout the insulation cross- 
section, run axially from end to end, and connect with the end-region fluid reservoirs. The losses 
per unit volume within the insulation are 



W — <a € € 0 E 1 tan8 , 

nr 



(2.6-11) 



where € — relative permittivity 

€ 0 - permittivity of free space, 8.85 x 10~ 12 F/m 
E - electric field strength, V/m 
tan6 — dissipation factor 

The insulation cooling calculations are performed for oil-impregnated pressboard. The relative per- 
mittivity and dissipation factor of this material are temperature dependent, and curves for these 
properties are contained in Figures 2.6-6 and 2.6-7 (Refs. 2.6-2 and 2.6-3). 

The calculation of internal hotspot temperatures is necessary to ensure that the temperature limita- 
tions of the involved electrical insulation materials are not compromised. Pressboard insulation in 
particular is sensitive and will begin to suffer mechanical and electrical degradation at temperatures 
above 90 °C. The hotspot locations in the winding configuration will be at the conductor centers, 
but owing to the mechanism of heat transfer specific to this winding configuration, the hotspots are 
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Figure 2,6-7. Dissipation Factor of Oil-Impregnated Pressboard vs. Temperature 
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?: Aris the- temperature difference between the tube wall and the coolant average temperatures 
major problem with Equation 2.6-12 is deteVmlning a single numerical value of convection * 
coefiident that describes the complicated process of heat transfer in forced convection. The results 
differ for turbulent and laminar flow. Heat transfer theory shows that the convection coefficient, 
tube hydraulic diameter, and coolant thermal conductivity are intimately related with a quantity 
called the Nusselt number: 




hD 
K 



(2.6-14) 



A single numerical value of Nusselt number can be analytically determined for laminar flow in a 
circular tube. For other situations (laminar flow in a rectangular tube or turbulent flow in any 
tube), Nusselt numbers are empirically determined. For laminar flow in rectangular tubes, the 
Nusselt number is a function of the aspect ratio of the tube only, while for turbulent flow, the 
Nusselt number is a function of the Reynolds number and of coolant properties. The Nusselt 
number can be made to relate to the temperature drop Equation 2.6-13 if the hydraulic diameter, 
D, can be replaced by the tube perimeter, 5. Therefore, this discussion defines a modified Nusselt 
number as 



AC - "IF - * rf (2+a+-) 
A a 



(2.6-15) 



where a is the rectangular tube aspect ratio. 



The numerator of the modified Nusselt number is identical to the denominator of the temperature 
drop equation, and calculation manipulations are consequently facilitated. The modified Nusselt 
number for laminar flow, derived from Reference 2.6-4, is a function of aspect ratio only, and is il- 
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Figure 2.6-8. Modified Nusseit Number vs. Aspect Ratio for Laminar Flow in Rectangular 
Ducts 



Table 2.6-2 

COOLANT THERMAL CONDUCTIVITIES 



Freon 113 


Transit Oil 


Silicone Oil 


.00191 ^Jl 
in c 


.00340 


.00383 



Location 

1 2 3 4 5 6 7 8 9 10 11 

— » i i i I I— 

( . coolant out 

coolant in 

Figure 2.6-9. Segmentation of Winding for Cooling Calculations 
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QC- 



RC 
RTW 



QT 



RTW 
RHD 



T(6) 



T(7) 



RS 

AAAi— O TCPC4) 



RHD ^ RESISTANCE OF HORIZONTAL DIVIDER 
RTW - RESISTANCE OF C00LIN6 TUBE INSULATION WRAP 
RC - RESISTANCE OF CONDUCTOR HALF 

RS - EQUIVALENT RESISTANCE OF CONVECTION SURFACE RISE 
QC - CONDUCTOR HEAT INPUT 
QT - COOLING TUBE HEAT INPUT 

T( )- TEMPERATURE OF COOLING TUBE* ODD ARGUMENT 

- TEMPERATURE OF CONDUCTOR CENTER, EVEN ARGUMENT 
TCP( )- COOLkhl TEMPERATURE 
TINS - TEMPERATURE OF CYLINDER INSULATION («* C) 



TINS 



Figure 2.6-10. Thermal Resistance Circuit for the Calculation of Winding Component Tem- 
peratures 
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tor and cooling tube; tempcniture nodes for each conductor, cooling tube, and hcoolant s^eam, and 
the appropriate thermal resistances to link them together, The temperature nodes marked i rTC? 
are coolant stream average temperatures and these temperatures are input for the circuit so uUon. 
At location 1, for instance, the coolant average temperature for all tubes is me coolant inlet tem- 
perature of 45 «C (the industry standard for turbine-generator cooling systems). The^coolant tern- 
perature nodes are linked to the cooling tube temperature nodes by resistors marked RS , These 
are the equivalent thermal resistances of convection, and are defined by 



resistance of convection. ( 



"W-Js 



from the convection temperature drop equation (2.6-13). Values of RS Redetermined from toe 
Modified Nusselt number relationships, Figure 2.6-8, or Equation 2.6-16. The entire cooUng tobe 
S assumed to be at a uniform temperature, implying negligible thermal r«is^ce and altowjng 
it to be modeled as a single temperature node. Each cooling tube node has a heat input, marked 
"OT" which represents the cooling tube eddy current losses. The cooling tube nodes are linked to 
the conductor midline nodes by thermal resistances marked «RTW". representing the thermal re- 
sistance of the cooling tube insulation wrap, and "RC", representing ^^ e ™ d J" u ^f ° f f » 
conductor-half. Each conductor midline node has a heat input marked "QC", which represents the 
conductor I* losses and eddy current losses. At this point, the reader may note a discrepancy in 
that the losses of the conductor are uniformly generated over the cross-section of the conductor 
and are not nodally injected, as the model represents. The model would therefore calculate a con- 
ductor edge to conductor midline temperature rise that is too large. This assertion is absolutely 
correct; however, Appendix D demonstrates that the correct temperature r^ can b*^™ 1 *** tf 
the conductor-half thermal resistance is reduced by exactly one-half from its actual value. The 
thermal conductivity of the conductor must be estimated from graphs (Ref. 2.6-5) retating ttas 
Quantity to the thermal conductivity of the filament insulation and the amount of metal in ■ «» 
SSss-section of the conductor. A value of 5.5 times the filament insulation thermal conductivity is 
used in this model. The thermal conductivities of the various materials in the winding are hsted in 
Table 2.6-3. The top and bottommost cooling tube temperature nodes are joined to thermal resis- 
tances marked "RHD", which represent the pressboard horizontal dividers. The RHD resistances 
are in turn connected to grounded temperature nodes marked "TINS \ These represent tiie tem- 
perature of the cylinder insulations. The heating of the cylinder insulation is so minimal that these 
temperatures are kept at 45 °C over the entire length of the winding; hence their grounded 
representation. 

Table 2.6-3 

THERMAL CONDUCTIVITIES OF THE WINDING MATERIALS 



Filament Insulation 


watts 

.0056 m . c 


Conductors 


.0308 


Oil-Impregnated Pressboard 
(Cooling Tube Insulation Wrap, 
Horizontal Dividers) 


.0028 


Stainless Steel Cooling Tubes 


assumed infinite 



The inputs to the described thermal circuit are the resistance values, the heat inputs, and the 
coolant stream temperatures. The resistance values and heat inputs are calculated on a per-unit- 
length basis. The circuit is solved for the temperatures of the cooling tubes and the conductor mid- 
lines, and the formulation to produce this solution is described in Appendix E. 
The thermal circuit at location 1 is calculated first, with the coolant stream temperatures of all tubes 
set at the coolant inlet temperature of 45 °C. The circuit is solved to produce the cooling tube tem- 
peratures and the conductor midline temperatures. With the coolant stream temperatures andeool- 
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tube temperatures now both known, the heat input to each coolant stream can be calculated 
r. coolant stream temperature-rises over the length of the first segment can be calculated from a 
_: mula similar to Equation 2.6-5, finally arriving at the coolant stream temperatures at location 2 
-sse now become the coolant temperature inputs to the thermal circuit at location 2, allowing the 

- ;rmal circuit at location 2 to be solved. This laddered sequence of thermal circuit calculations 
: .. : coolant rise calculations proceeds until the end of the winding is reached (location 11). 

? calculation ladder just described constitutes but one iteration of the entire temperature calcula- 
: n process. At the first iteration, all coolant stream viscosities and all metallic electrical resistivi- 
.-.'.5 are calculated at 45 °C. For subsequent iterations, the coolant viscosity of each coolant stream 
:£ -calculated at the coolant stream temperature at location 6 of the previous iteration, and the met- 
ric electrical resistivities of all nodes at all locations are calculated at the nodal temperatures calcu- 
aced in the previous iteration. The iterations are continued until convergence of each coolant 
r .reapn outlet temperature (temperature at location 11) is obtained. 

7 -e aforementioned equations and calculation procedures have been incorporated into computer 
y:z grams to allow for rapid calculations and rapid adjustment of design parameters. Calculations 

,e been performed for the 600 MVA, 345 kV helical coil winding, high-voltage generator whose 
-iSic dimensions were calculated in Section 2.2.2. This machine has insulation rated at 50 V/rnil 
■nd has a 300 A/cm 2 overall armature current density. Calculations have been performed with the 

- iiization of each of the three identified coolants. 

Figure 2.6-11 shows the computer output for a design using transil oil coolant The output begins 
«-n;a listing of the cylinder radii and active length (as taken from the sizing studies). This is fol- 
lowed by a listing of the terminal current, circuit current, and calculations of the magnetic flux den- 
ies at the inner and outer conductor layers. Next, a large set of calculations is repeated for both 
t-e inner and outer conductor layers and is tabulated under the respective headings "Inner Layer" 
and VOuter Layer." These sets contain conductor dimensions, conductor filament compositions, 
cooling tube dimensions, averaged cooling performance (assuming equal distribution of the losses 
into the coolant streams), and the losses under these conditions. These sets provide a generalized 
view of the winding performance. The detailed cooling and temperature calculations of the lad- 
dered thermal circuit method are contained in a later section. The generalized set begins with a 
hsting of the number of turns per phase belt, the number of conductors sucked in a column, the 
conductor and hydraulic length (which is longer than the axial active length due to the helix 
tiDmetry), the helix angle, and the "slot-width" (the distance between adjacent conductor 
-oiumns). The subsection "Conductor Specs" describes the filament wire gauge, the filament ar- 
rangement, the conductor external dimensions, the copper area, and the copper current density 
, ne subsection "Vertical Divider", describes the thickness of the divider and the voltage stress due 
o the voltage that appears between peripherally adjacent conductors. The subsection "Coolant Pas- 
sage" describes the dimensions of the cooling tube interior, its area, and the hydraulic diameter 
ihe subsection "Stainless Steel Cooling Tubes" describes the wall thickness of the tubes, the thick- 
ness of the insulation wrap, the external dimensions of the tubes, and the tubes' eddy current 
; esses. The subsection "Conductor Losses" describes the I 2 R losses (dc losses) and the eddy 
current losses (ac losses) of the conductors. The subsection "Cooling Performance (Averaged)" 
describes the cooling performance under the assumption that the losses are equally distributed into 
he coolant streams. The pressure drop and coolant inlet temperature are input. The flow velocity 
otal flow-volume rate of the entire winding layer, Reynolds number, and coolant outlet tempera- ' 
-ure are shown. 

After the averaged cooling calculation set is repeated for the outer layer, a set of calculations devot- 
ft 2 to the cylinder insulations is listed under the heading "Insulation." First, the total insulation 

•oiume is listed. The percent cooling area is the proportion of the insulation cylinders' cross- 
rectional area that is devoted to cooling passages. The dimensions of individual cooling passages 
•oilow. The losses are calculated on a per-unit-volume basis and the dissipation factor of the insu- 
xuon is given. The same set of averaged cooling calculations described for the winding layers is 

isred next. 
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The machine losses are summed together under "Winding Efficiency." The components of losses 
need no explanation except for the liquid pumping losses, which are merely the factional losses of 
the fluid flow. The efficiency drop is the total losses divided by the power rating of the machine. 
Finally the detailed temperature and flow calculations performed by the laddered thermal circuit 
method are listed as "Detailed Temperature and Flow Velocity Profiles." AU coolant stream tem- 
peratures, cooling tube temperatures, and conductor midline temperatures are luted for each oca- 
tion, and the individual coolant stream flow velocities are also given. The legend for interpreting 
the temperature listings is on Figure 2.6-12. 

The ultimate criterion for the design of the winding and its cooling is that no winding temperature 
should greatly exceed 90 'C. The winding hotspot will be found at the conductor midhne of the 
center conductor of the stack at location 11. There are three methods for limiting the hotspot: 
one, reduce the generated losses of the conductor and cooling tube; two, reduce the te mperature 
rise from the coolant stream to the conductor midline; and three, reduce the coolant tc^rature 
rise from inlet to outlet. Reducing generated losses can be accomplished by reducing eddy current 

LOCATION XX 

top-ost coolant Map. _XX.X XX.X- *P—«* tub « «" 

XX. X"*- top-most conductor temp, 
second-to- top coolant temp. — -XX.X XX. X**-second-to-top tube will temp. 

XX-X"*" second - to " t °P conductor temp. 



XX X**- second- to- bottom conductor temp. 

second-to-bottom coolant temp .-^XX.X XX.X^««nd-to-botto. tube well temp. 

XX.X"*- bottom-most conductor temp, 
bottom-most cooUnt temp. -XX.X X X. X— bottom-most tube «U temp. 

Figure 2.6-12. Interpretation of Temperature Profile Listings 

losses or reducing I 2 R losses or both. Eddy current losses can be limited by using very small fila- 
ments in the conductors, and this technique is particularly important for the conductors of the inner 
" layer where the magnetic flux is intense. Reducing I 2 R losses must be accomplished by increasing 

the copper cross-sectional area, but there may be space restrictions preventing such an increase. 
Also, the added copper increases the eddy current losses so that a situation of diminished returns is 
realized. Reducing the coolant temperature rise from inlet to outlet is accomplished by increasing 
the flow, a technique that is contrary to minimizing pumping capacity. The most effective tech- 
nique for limiting hotspots is to reduce the coolant stream to conductor midline temperature rise by 
reducing the thermal resistances. The thermal resistance of the conductor half may be reduced by 
utilizing short r nd wide conductor configurations. The equivalent thermal resistance of convection 
in the coolant stream is also reduced by employing a short and wide configuration of the cooling 
tube. With the conductor layer height and number of turns already specified, increasing the aspect 
ratios of the conductors and cooling tubes is accomplished by increasing the number of conductors 
stacked in a column. The winding design being discussed uses seven conductors in a column. It is 
important, however, that the aspect ratios not be excessive since the conductors and cooling tubes 
will become unwieldly. Also, the cooling tube eddy current losses will become excessive. 
Several recommended design constraints should be followed. The electrical stress on the vertical 
divider should not exceed 100 V/mil. The cooling tube wall thickness should not be less than 
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20 mils. The cooling tube interior height should not be less than SO mils. The pressure drop 
should not exceed 60 psi. Filaments of 18 AWG are necessary for the inner layer conductors, 
while filaments of 16 AWG or 14 AWG will suffice for the outer layer conductors; 

It required placing seven conductors high in a column to minimize the thermal resistances 
sufficiently. Twenty-two psi pressure drop is then required to circulate enough coolant to limit the 
hotspots. The hotspot of the inner layer is 89.6 °C and that of the outer layer is 88.0 *C. The 
coolant outlet temperatures of the inner layer range from S8.9 °C to 63.9 °C, encompassing the . 
62.2 °C coolant outlet temperature calculated earlier by the averaged method. The coolant stream 
flow velocities of the inner layer range from 39.7 in./s to 42.S inVs, encompassing the 41.S inJs 
flow velocity calculated earlier by the averaged method. The same agreement is also found for 
these quantities calculated for the outer layer. Considering the good agreement between the cool- 
ing performance quantities determined by both the averaged method and the laddered thermal cir- 
cuit method, it is safe to assume that the other quantities calculated by the averaged method are 
fairly accurate. The Reynolds numbers indicate that the flows are indeed laminar. The inner layer 
requires 492 gal/min of coolant, and the outer layer requires 399 gal/min, for a total of 
891 gal/min. This amount of flow is considerably larger than that required by a 600 MVA conven- 
tional generator, but it is hardly surprising, considering that the allowed hotspot temperatures are 
much lower and that transit oil is an inferior coolant compared to water. This amount of flow is, 
however, perfectly within the practice of large power transformers. 

The heating of the cylinder insulations is indeed minimal, judging from the low coolant outlet tem- 
perature and low flow calculated for the insulation. One may be tempted to eliminate the insulation 
cooling passages altogether, however, such axial passages will be required to facilitate the drying 
and impregnating of the insulation. Also, the use of cooling passages will guarantee that there will 
be no thermal runaway, a phenomenon relating to the rising dissipation factor accompanying rising 
temperature. 

Figure 2.6-13 contains a calculation using Freon 113 coolant. The same design dimensions that 
were used for the calculation with transil oil coolant are retained. The calculations, however, may 
be no more accurate than the coolant properties on which they are based. (The stated cooling prop- 
erties of Freon 113 were measured at 30 °C, without any temperature relationship.) The greatest 
advantage in using Freon is that the flow conditions are turbulent, and the convection heat transfer 
is greatly improved. This allows the flow to be decreased while maintaining the same hotspot tem- 
perature. The combined flow of the inner and outer conductor layers is 728 gal/min and the pres- 
sure drop is 9.0 psi. The flow and pressure drop for the transil oil calculation are 891 gal/min and 
20 psi, respectively. The flow reduction for Freon is certainly not spectacular, and when one con- 
siders the greater expense and required pressurization, the option of using Freon may not be as at- 
tractive as using transil oil. Also, the dielectric experience with Freon is limited. 

Figure 2.6-14 contains a calculation using silicone oil coolant. The viscosity of silicone oil is greater 
than that of transil oil while the heat capacity of silicone oil is less, and the two combine to produce 
inferior cooling performance. The required flow is 1355 gal/min with a pressure drop of 80 psi! 
Clearly, more cooling cross-sectional area is needed, requiring a larger machine size, or a silicone 
oil having a lower viscosity than that identified in Reference 2.6-1 would be needed. 

It was mentioned earlier that a reduction in the equivalent thermal resistance of convection is ob- 
tained by utilizing cooling tubes of a very short and wide aspect. Such cooling tubes will suffer in- 
creased eddy current losses, but, more importantly, the bending stresses of the horizontal walls of 
the cooling tubes will become excessive. The maximum radial winding pressure during sudden 
short circuit was calculated to be 608 psi compressive at the location of the inner conductor layer 
(see Section 2.4.2). This pressure produces a 114,000 psi bending stress in the horizontal walls of 
the cooling tubes, and the yield strength of stainless steel is only 35,000 psi. The preferred solution 
for this problem is to utilize cooling tubes having center walls or to utilize smaller twin tubes placed 
side-by-side. Both concepts are illustrated in Figure 2.6-15. These tube configurations lower the 
bending stresses by shortening the beam span over which the pressure is applied. The effect of 
these tube configurations on the cooling performance is minor. The aspects of the individual 
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coolant streams are not as short and wide, so the thermal resistances of convection are increased. 
However, each stream receives only half of the previous heat input, and the result is that the tube- 
wall-to-coolant temperature rise is not greatly affected. The coolant stream cross-sectional area is 
reduced by the amount of area that the center walls consume, while the coolant flow friction 
coefficient is reduced by the use of the more regular stream aspects. The overall effect of the em- 
ployment of cooling tube center walls is that a slightly greater liquid pressure drop is required to 
maintain the hotspot temperature limitation. Figure 2.6-16 illustrates a cooling calculation for cool- 
ing tubes with center walls. The conductor and tube dimensions are exactly the same as those used 
in the calculations of Figure 2.6-11, except for the addition of the center walls. The required liquid 
pressure drop is 28.0 psi and the required flow is 918 gal/min, which compares to 22.0 psi and 
891 gal/min, respectively, of the previous calculation. The tube wall bending stress is reduced to 
25,000 psL 

In conclusion, transit oil appears to be the optimal cooling fluid from considerations of cooling per- 
formance, low cost, and dielectric experience. Only if the fire hazard of transit oil were overwhelm- 
ingly objectionable would there be any inclination to consider the other coolants. 
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Figure 2.7-1. Lumped Parameter Circuit Model of an Armature Winding 
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... i^^^T^'^S^^'acitts^^ u^assanudMft sufficiently accurate for the capadtfre e _ 
i -= ments. The capacitive elements in the reduced-border mode! can be equated from caparitiVe coj& 

atp^entsWfbnoWK ? :!mSimifei:^lSSlf8:§^^ ;. ■ In 



c s - c 2 + c 3 + c 4 + c s 



(1.7-2) 



where 



Ci is the capacitance between peripherally adjacent conductors (calculated for the full turn 
length) 

Ca is the ground capacitance of the innermost conductor of the inner conductor layer 

C3 is the ground capacitance of the outermost conductor of the inner conductor layer, as 
viewed across the center and outer insulation cylinders. 

C4 is the ground capacitance of the innermost conductor of the outer conductor layer, as 
viewed across the center and inner insulation cylinders 

C5 is the ground capacitance of the outermost conductor of the outer conductor layer 
1/ is the number of conductors in a column 

In the reduced-order model, inductance is handled in the same way as in the full model except that 
there are fewer elements. In this case, a column inductance may be defined for each harmonic or- 
der n: 

L,j^ (2.7-3) 

1-1 ;-i 
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Figure 2.7-2. Reduced-Order Model Structure 
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(2:7-7) 



2.7.2 Trapezoidal Rule Solution for Surge Voltage Distributions 

The trapezoidal rule technique for time-step integration has been employed to solve for surge volt- 
age distributions in armature windings. The considerations in the selection of this technique follow: 

— The armature winding is a large and electrically complex system with a large number and 
wide range of natural frequencies. 

— At least some of the natural frequencies of the armature winding have relatively low fre- 
quency and high Q. 

— Despite the large number of elements in the armature winding model, it is possible to for- 
mulate a trapezoidal rule model which runs efficiently. 

Trapezoidal rule integration is characterized by unconditional stability. Unlike some other time-step 
integration routines, trapezoidal rule integration is not unstable if the basic time step is longer than 
the period of one eigenfrequency. Of course the accuracy of such a solution can not be guaranteed, 
but the errors are generally characterizable as "filtering." That is, the selection of too long a time 
step results in losing high-frequency information. This is not a serious problem in this effort. 

In the earlier stages of this study, a frequency domain approach was attempted. The frequency 
response of the system was calculated Tor each node and for a range of frequencies. This was mul- 
tiplied by the Fourier transform of the surge waveform, which may be calculated analytically, to ob- 
tain the Discrete Fourier Transform (DFT) of the voltage waveform at each node. Finally, an in- 
verse DFT was used to yield the voltage waveforms. 

The problem with this technique is that the armature winding has several resonances with relatively 
low frequency and high Q. The use of a DFT implies the assumption of a signal that is periodic in 
time, with a period equal to the inverse of the frequency step. Of course the surge is not periodic, 
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* where X'is the coupling matrix. 



given ^ . 

. Branch volumes are given by. r?v? :Jv i-h \ 



of the armature 



An expression for current may be found by integrating Equation 2.7-9, inverting Equation 2*7-8, 
and combining the results: 



Over a suitably short time interval, 

A/ - t — t 0 

and it is possible to approximate Equation 2.7-10 by using the trapezoidal rule: 

-i/(f-Af) + -y L- 1 [ vO) + v(*-A/)] 

Thus, it is possible to determine current at some time / as a combination of current at a suitably re- 
cent point in time and voltages at two times. This may be formalized by recasting Equation 2.7-12 
as 



(2.7-10) 

(2.7-11) 
(2.7-12) 



where the admittance matrix is 



and the "history current" is 



L - ii(t-bt) + G L v(f-A/) 



(2.7-1 1 

(2.7-14) 
(2.7-15) 
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The capacitance matrix which satisfies this requirement is assembled according to the following 
rules: X;$ : ^i~-\ ':: .* 1 r'"- r *'0 l'[ \;\ - :: ^ ' {' 'i ■" • " ; V : : H r > | ; I " ; 'i. : : / : !.] ■ ; 

1. The diagonal element corresponding to a node is the sum of all capacitances connected to that 
node. 

2. Off-diagonal elements are the negatives of mutual capacitances between two nodes. That is, 
the entry C u is the negative of the directly connected capacitance connecting node / with node 

JL 

Integration of Equation 2.7-21 with the use of the trapezoidal rule yields 



where 



Equation 2.7-22 is easly manipulated to yield 
where 

ioc - - - G c v„(r-A/) 



(2.7-22) 
(2.7-23) 

(2.7-24) 
(2.7-25) 
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| i (terminal) nodes, respectively, the matrix G has been partitioned into four submatrices: G± 



T ____ r _ _ "?% *■ 

Git are square arid represent admittances within the unknown and known node groups, respective- i \ 

4 ly- and are nonsquare and represent coupling between groups; j 1 i f r v ^ : 



Splitting off the top part of Equation 2.7-29 gives 

Go, v„+ G& v* + 1,-0 



(2-7-30) 



where Xi is the "unknown voltage" node portion of Xrf + ioc- Th e unknown voltages are found 
from Equation 2.7-30 by inverting G M and multiplying: 



where 



(7 f - - G^ 1 G fl6 



(2.7-31) 



(2.7-32) 



2.7.2-D Time-Step Solution 

The recipe for the time-step solution is now given in the following steps. 

1. Assuming that the history current /„ is known, compute the unknown voltage v u using 
Equation 2.7-31 

2. Since all voltages are now known, it is possible to compute, separately, the capacitive and 
inductive parts of the current by 

Inu - Qnaa lu + Q nab V k + I nu (2.7-33) 
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Some difficulties were encountered when this program was initially utilize*^ TO 
!w«.tho«crf numerical instabmty, ;as wto^ed hy hs^apiffly diyargi^^ 
Vestigfltion; it was discovered 





Vestigatioh; it was discovered that the problem 
4 : had elements which were 
1 tivV admittance elemem 

it^^^^m^^-^ _ _ .._ .... .. .. , . .. ... . ... ... . . 

j It is believed that the reason for this difficulty is that the inductances of the system are very tightly 
^ coupled. Thus, the inductance matrix consists of elements which are nearly equal, Mid it is difficult 
to invert, being both nearly singular and ill conditioned. Furthermore, accuracy of the element 
values is critical. 

Several attempts were made to resolve the difficulties arising from tight coupling. These included 
efforts to increase the accuracy of calculation of the inductance parameters, the use of transforma- 
tion techniques, the use of high-precision arithmetic, and the use of different inversion techniques. 
The solution eventually adopted is the one which recognizes the very close coupling between 
branch elements. This solution, which is clearly approximate, gives good results and has the added 
advantage of avoiding one inversion. 

To see how this technique works, assume that the armature may be represented by a ladder-type 
structure as shown in Figure 2.7-3. 




Figure 2.7-3. Ladder Model of Inductances 
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2J7.3 



Surge Voltage Calculations 



The surge voltage program was first applied to a small 60 kVA helical coil armature constructed 
several years ago by the Massachusetts Institute of Technology as a portion of their superconduct- 
ing generator effort. This armature was tested with voltage surges, and the voltage distribution 
within the winding was recorded from equally distributed taps placed on the winding. The recorded 
voltage distributions allow a comparison with calculated voltage distributions from the surge voltage 
program. 

This winding has 90 series-connected coils in a phase-belt, and the conductors are arranged 3 to a 
column, so there are 31 nodes in the winding model. Figure 2.7-5 illustrates the calculated voltage 
waveforms as a function of time for the evenly distributed nodes labeled in the figure. Figure 2.7-6 

V 

o Twnnp- 



Figure 2.7-4. One Cell of the Ladder Model 
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Figure 2.7-6. Measured Surge Voltage Waveforms in the 60 kVA Armature 
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Mlcro«*cond« 

Figure 2,7-7. Calculated Surge Voltage Waveforms for the 600 MVA Armature 
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>U}M!m . , . 

;r.\ ! : 11 figure 2.7-8. Calculated Surge Voltage Distributions for the 600 MV A Armature 
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Figure 2.7-9. Maximum Turn-to-Turn Voltages for the 600 MVA Armature 
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which has a curve for the impulse strength of oil-impregnated pressboard. Both points are wen 
within the criterion limit. fc 

A similar exercise can be performed for the insulation wrap that is placed around the cooling ; tubes 
and which serves as a turn-to-turn insulation between radially adjacent conductors. It, too, is weu 
qualified. 
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-: " uic ii4uiu tooling medium- and'provide cooling idrcuits'fckthe icore, wmdw^ tma " 

• Ensure that air and moisture will not penetrate the frame or winding support system. Such 
penetration would contaminate the cooling medium and would cause premature electrical 
failure of the armature. 

• Provide a shipping package which will not allow air and moisture penetration during tran- 
sportion to the power station 

The internal environment control functions are similar to those required by high-voltage step-up 
transformers. 

A frame design concept which addresses these requirements is illustrated in Figure 2.8-L The 
frame, end shields, and armature structure are assembled at the manufacturer's plant to provide a 
container which is as close to a hermetically sealed system as possible. Where shipping weights are 
not limiting, the cooling fluid would be left in the stator after the commercial acceptance tests have 
been performed and would be shipped with the frame. Where shipping limits would not allow the 
fluid to be shipped with the frame, dry air would be pulped into the frame for shipping to mini- 
mize moisture contamination. Upon arrival at the plant site, vacuum-heating cycles and new fluid 
filling operations would be required to condition the stator for startup. 

Vibration isolation is accomplished in the following manner: the core is solidly connected to the 
frame and the vibrational motion of the frame follows the vibrational motion of the core. However, 
the outer surface of the frame can be designed at the diametrical location where it is known that 
the magnitude of the tangential vibrational motion will fall to zero. The frame is then attached to 
the foundation through vertical leaf springs that accomodate the remaining radial vibrational motion 
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Figure 2.8-2. Application of a Leaf Spring Frame Design to a Conventional Generator 
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armature structure into a core when there is such a close fit between the components^; Such an 
^^ sembly step will be required unless the core is built ^ourid t^ 
\WH may bompromise the structural integrity of the cote stod^rame and^may jproMbit {»J^.Lipiii}S 

j ^ H^7^ clearance at the interface to alj - j ■ \ J 

v ] Mow for an unencumbered insertion of the armature structure into thecbre. Tightening of the in- 

terface must come after the assembly. Figure 2.8-3 illustrates a concept for a tightening mechanism 
for the polygonal interface. Tightening bolts are placed between axial gaps in the core and are dis- 
tributed around the entire periphery. The tips of the tightening bolts fit into a stainless steel pres- 
l . sure strip which distributes the tightening stresses from the bolts to the pressboard pressure blocks. 

V The pressboard pressure blocks abut against the fiats of the armature structure and have a 

triangular-shaped cross section that further distributes the tightening stresses to the armature struc- , 
ture. The guide blocks and threaded holding blocks of the tightening bolts are sandwiched between 
laminations and welded in place. Space blocks that are shaped like I-beams are incorporated into the 
sandwich to increase the axial compression rigidity of the assembly. The tightening assemblies are 
repeated at regular intervals in the axial direction. The metallic parts of the assembly should be 
made of stainless steel in order to limit eddy current heating. 

The tightening mechanism allows retightening to be performed if the armature structure suffers 
compression relaxation. 
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Figure 2.8-4. Core Loss of 14 Mil Grain-Orientated Silicon Steel at 60 Hz 
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Figure 2.8-5. Placement of Core Cooling Passages 
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^pregnatont The final drying process ora pressboard product involves creatine a va^^Sr^ 
interior of the pr^aid thrbugh^e ventMauoo^SaS ^SSk^^ 
; tion passages are numerous and closely spaced, the wateV Vapor has less dfaZee toEZX* 

^ureTSStra^ 

c.Sfi™,::;? l?ta ? , ? teB «•» *»«m configurations for the ventilation passages. In the firsT 
th™ " h \T 8 '°° VCS are mUlcd mto *» P^ssboard laminations prto?" meir^ssemohr In 

P^nTbet^eetT™; P-*^ ^ ° f 8 short « assem WeS^S ^p- 

pearmg between adjacent P1 eces; these gaps serve as the axial ventilation passages. 

^owX e h?Ucfl t e t h h noS Dtal ^ « complicated by their helical twist (since they 

2ftL£?.if^ P I Ae conductor s)- Figure 2.9-3 demonstrates how the vertical dividers can 
£i 22? ? TL arc / shapCd Pieces of P re »bo"d that are twisted into the heUx!TSe mSZS 

fwStatS ! be fabricated from flat rectangular pieces of pressboard. If the required 
Ss^ of dry pressboard. the pressboard m?y be 

inductor 4e^ be aLhT In' ° r t and - """f* iUbe CO,Umns ' so the vertical <™*™ of the inner 

onedTaM f a C H ° nductors a f nd coo « n * are placed between the vertical divided Adhwlve « ap- 

«h uJl^ir^S d H °r nta i divide " « PK— 0" top of the conducto7column? tT 
maicn tne level of the vertical dividers. The center insulation cylinder can now be built on The 

ani ,h.° l °, r l3yer 15 aSSCmb,ed '" n the same manner •» d «cribed for the Cer conductor £Z 
and the series ioop connections are performed directiy afterwards. After the o^r .n^uSn 
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Figure 2.9-3. Fabrication of a Vertical Divider 
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Figure 2.9-4. Fabrication of a Horizontal Divider 



cylinder has been built on, the polygonal surface for the polygonal core-to-armature :»terft» is 
machined. The completed armature is inserted into the frame and core assembly, fMM» 
attachment of terminal leads and frame-end parts. After the sta.or » completely sealed, the drying 

f-*^* and oil impregnating can be performed. 

V The mechanical characteristics of pressboard with respect to its moisture content must ^be f*^*- 

Pressboard supplied from the manufacturer has a 5% moisture content which is the f 
condition with atmospheric humidity. After a transformer is assembled, I™ » * "J**?^ 
it is dried to a moisture content of less than 0.5%. Dunng th.s 

boards undergo a slight compression relaxation. In a transformer, the only c ° n ^"™f*l 
tightness of the coil assemblies; therefore, after drying is completed, the coil assembly 
tilhtenen with the clamping mechanisms that have been provided for this purpose H«*r. no 
equally uTective mechanisms exist for retigh.ening such relaxat.on m a h««h-volttg^ttu». 
therefore, it may be desirable to predry the pressboard pieces before assembly It would ^then be 
necessary to assemble the armature in a low-humidity controlled compartment, to prevent the 
pressboard from reabsorbing moisture from the atmosphere. 
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^iaoO^A/cm 2 CURRENT 



R« Ra 

15 



Ri iU 



$3 : jsjo; |8£^^ 35.0 \m 51^752^244 0.272 OJW 
? i "ll!*y H .IJiQ- ^ 24^5^0; 37.2 -41? 5S£ 55* ;*240 0.272 0 297 
9 12 14.5 :i6.5 ISA 23.8 &3; 38.5 44.3 5** 40* 0^40 0.271 0.299 

10 13 15.5 17.5 19:0 24.8 26^9 38.5 39.9 45.7 63^3 310 C039 0.271 0.301 

11 14 16.5 18.5 20.0 25.8 28.1 39.7 41.3 47.0 67.2 246 0.240 0.272 0.305 

12 15 17.5 20.5 22.0 27.8 30.2 4L7 43.4 49.2 71.6 210 0.238 0.272 0.305 



Ri — field winding inside radius, in. 

R2 — field winding outside radius, in. 

Rj — shield inside radius, in. 

R4 shield outside radius, in. 

Rs — armature inside radius, in. 

R$ — inner conductor layer inside radius, in. 

R? — inner conductor layer outside radius, in. 

Rg - outer conductor layer inside radius, in. 



R9 — outer conductor layer 

outside radius, in. 
R 10 — core inside radius, in. 
R11 " core outside radius, in. 
L — length, in. 

X" — subtransient reactance, p.u. 
X' — transient reactance, p.u. 
X — synchronous reactance, p.u. 



Table 2.10-2 

HIGH-VOLTAGE GENERATORS AT 1200 MVA, 500 kV 
DIAMOND COIL WINDINGS 



Ri 


R 2 


R 3 


. R4 


Rs R 6 R7 R 8 R9 Rio Rn L X" X' 


X 


7 


10 


12.5 


14.5 


16.0 21.8 24.4 36.0 37.6 43.4 53.5 575 .212 .270 


.320 


8 


11 


13.5 


15.5 


17.0 22.8 25.7 37.3 39.1 44.9 57.0 404 .214 .271 


.325 


9 


12 


14.5 


17.5 


19.0 24.8 27.8 39.3 41.3 47.1 61.1 314 .209 .270 


.326 


10 


13 


15.5 


18.5 


20.0 25.8 29.0 40.5 42.7 48.4 64.8 224 .210 .268 


.327 


11 


14 


16.5 


19.5 21.0 27.8 31.0 42.5 44.7 50.5 69.0 194 .215 .268 


.328 


12 


15 


17.5 


20.5 


22.0 28.8 32.1 43.7 46.0 51.7 72.8 154 .217 .267 


.329 
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Conductor and condu^^ 
monolith cylinder armature having helical ~* J^Xj^a. The technique and assump- 
ble 2.10-1 for the design having the H ^ 14 £**£S2^ are exactly the same as 
tions for performing the conductor and conductor c °™ n ^ using oi l coolant is con- 

described in Section 2.6. The computer output for • ™*«J^ at a f Tesswt drop of 50 psi. 
tained in Figure 2.10-5. The quired coo ant flow « 1687 » VA P annature (891 gal/min 

Both quantities are approximately double that required ior 
and 22 psi, respectively). 
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™ C "iTf^TJSS^^^ to** 0 * 72 2°r Even 7*e« * £ MeLcdown d«r- 
sWerably shorten the life o the J£*W;J£7£*tly on the high-vottage 

„ps are .dJ»»ed <o .t ;^ C S L *e sphere .aP? ^^L^rfSTlm- 

pulse ires, is coordinated to lh « ^'"^,f' S vS Series and parallel resistances*. 
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froit of the voltage olstribuU^^v^ towI^^^^^^ -A" the steep- 

turn-to-turn voltages. The procedurefo^ iSX- 5 P , *° n of ""P" 1 * 5 experience large 
lows- The Wfl v^r«™ J fif P™ 06 ™ for detecting dielectric faults from impulse testinc is asfol 

annnation of the wave?~ 0 f^ - careful ex- 

the same equipment ^SS^^^S^^T '""J" 8 ' ^ * Performed with 
the tested equipment ^ ZT . ' only a W * added to the terminal of 

pulse wave to Sse^^ » forces the im- 

mal impulse wave of 1 uT r ^ timc^L^V^ ^ " j*™ 181 t0 ^"P^g «Pon a nor- 
tremely fast rise time. SSffStS^.^ ^^"^ '^ PU,Se ° f ° PP0site Md «■ 

transformer windi„Ta sSploVt i^^£J^JIT 7" 'i 0 "** ™ e Pr0dUCeS m 
duced by the norma, impulse, with ^qS^ *" ^ 

^TOa^^ SKSf? C,OSCly , rCSemb,CS ° f 8 ^ 

pressboard cylinders for the SI ^ J ted w * turn-to-turn insulation and thick oil-impregnated 

voltage ^iMS^m^h!^^!^ ,nsu,at « ,n ' °P erati °8 environment of the high- 
lightning iwoTfiS^ of « transformer, particularly with respect to exposure to 

same as 8 *£e?or I^SSnJ SSTSS Jf™ ^ for thC stato^are me 

test can be performed «™tiy the 12 ? the impube test - im P uI * 

ings, the winding phasS SS^T^SE! " f?™™ 9ariSu ' For delta-connected wind- 
breaks will be overstreSed Th« ™, ?c , ^ 2 8 thC * mpU,Se test ' because thc Phase 
delta terminal whh t£ o^r^wo SKrSL?" * 'ft™* * app,ying 11,6 impube * °»« 
impulse to the other teiSls grounded, repeating the procedure to apply the 

^^IZcT^Z^ d * a SOmewhat diflfe ™ —er than that described for 
excite the high vo?ugeTndinf 52^ ?T ^"T ^ n ° lo ™° 1 **' with which to 

can be utilized, kSSJ^.S^T^ 11 '? 0 prescribed for ,a n?e inductive reactors 

exactly cancel the irtucZ™ ™™* !! * T"" !!"* -° f SUCh reactancc 88 t0 

erator, and the series combination" ex cited wTa smaTl'tS ? C ° nneCted fa ^ the ^ 

» cxcuea witn a small, nigh-frequency motor-generator set. 



V. 
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Figure 3-3. Series Resonance Circuit for the Overvoltage Test of High-Voltage Generators 

-tne^ overvcuge tests, one at 240 Hz and 

generator are listed in the Stable The^h^it va . 8 r gC genera,or - specifications for this 
the generator reactance at he hieSr fre^no- f u ^ ,S Usted in order to with 

the test freauencv T« ,h*~ • re( > u,red se »« capacitance is proportional to the inverse square of 
^n^SlfJO L?!S^^- be C °, nneCted " SeriCS 10 Wi,hSUnd thC genC " t0r ' s ' wice " ated 

qu^lo 8 view £ !Z£Z^SSS: severaI branches of these serie ™^ "I- « - 

tS^^nt^SS^^r , a h b ° Ut thC SiZin8 ° f the Capacit0r banks - ^ series-resonance 
erator Shidin. -nS . ' thC CapaCUOr banks are exact, y ,uned to the '"ctance of the gen- 
inss is uncertain nnH i h!^r F* n% ^ ** ca,cu,ati °" «*u«ey of the reactance of air-gap wind- 
ings » uncertain and therefore u nsuilab le for the accurate sizing of the capacitor banks, ii is neces- 



CIRCUIT PARAMETERS OF SERIES-RESONANCE O 
FOR HIGH-VOLTAGE GENERATO 



High-Voltage Generator: 600 MVA, 345 kV, 1004 Aj^ 

240 Hz Test 



Generator Reactance 
Required Line Current 
Required Series Capacitance 
No. Capacitor Units per Phase 

Total No. Capacitor Units 
Total Capacitor Cost 



238.1 n -Si 
1,673 A 



2.8 M F 

868 ^ 
(28 series units^| 
3 1 parallel branches 

2,604 

$1,117,116 1 



sary to measure the winding reactance before the capacitor banJcptr 
formed by exciting the generator winding directly with the hig&^pF 
ing the terminal voltages and currents. This measurement shoul 
quency as the series-resonance test. 

After the dielectric tests of the high-voltage generator have be&^ 
complete stator and superconducting rotor can be initiated. Thi^e^ 
tests, short circuit heat run tests, rotor tests, and vibration teste, " 
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ONS IN THE DESIGN QFiHIGH-YQLTAGEj.GENE^TORS 



lip- MHm*< 

" OLTAGE GENERATg»Sj-,.. ; 



• POWER SYSTEM CONSIDERATIONS 

in fiiijfnirtnWM I" contronlni voltage ,H»dienB jffw^UK.irmauife f J"™?^, j s | 

Kequire aS equipment to provide minimum system grounding requirements, unplyuig cost 
penalties for the utilization of the delta-connected armature. 

4.1:1 System Grounding Requirements and Their Relation to Fault Overroltages 

All taodern rugh-voltage transmission systems! are designed on the basis of ^^^S^f; 
£" Semite the transient overvoltage levels encountered. Transient overvoltages occurnng on 
the transmission system fall into several categories: 

. creating very steep front waves. 

. Switching surges, which are characterized by 250-2500 M s wavefront rise times. 
. T> m „nr a rv overvoltanes which are associated with generation load rejection, are of relatively 
SiteSii^^ to seconds. The highest voltage stresses to ground occur on un- 
faulted phases during a line-to-ground fault 
Tcrc ,„h anst Standards define dielectric test requirements for these categories of transients in 

lish the insulalionJesteJs which will be protected. 

The svstem grounding has a major influence on the temporary overvoltage and switchm *;^'j* v_ 
San^ 

e~xcep! u^der unusual circumstances. A unit generator-transformer for example, will have an 
X 0 /X, ratio viewed from the high-voltage bus of considerably less than 1. 

Transmission lines exhibit an X 0 /X, ratio of about 3.0 and wan f m ^ on /f h C ^ 
grounding characteristics similar to generating stations The net effect is 

tios indicating the degree of grounding generally run between 0.5 and 3. JjV^^^^T 
w^bH£«I* « a generating station when all of the generating ^J^^^SSSSlo- 
steo-uo transformers are shut down. There is no local grounding in such a "^"•^ 
^oSnS provided through transmission-line connections to other ■^^jJ^S-d 
This situation presents no difficulty in providing station surge protection. It ^ * "S^S 
heeler, that ?his situation is not comparable to the case^ ^^^^"^m^ 
high-voltage generators without local grounding. Here, the x 0 /A, ratios womu 



'.-..!.; j v.* 
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jn an urfaul 



4 « fe 
i • X 0 /X, Rttio 

9 Simulation Study Point 

Figure 4.1-1. Overvoltage on the Unfaulted Phases During a Line-to-Ground Fault at the 
Generator Terminals 
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"^^^^T^gef^fejectira ^ of 
^JH^»^?itV *igh-voltagc generatoFtosul sTuuTtiate^hese ellmiateVare described Wsrait 

***** ^ be noted that with the: conventions tAnZn*&i*&tt*5*ZZi iSi'Ji'lliilSnti ^LiL- »i 




r ~ -~ r<-~7" .r-r-T-'r. raungs wai can oe applied depend in turn di 

.; 1116 swjtclung-surge and short-time oyeryoltage" energy dissipation required. In this regard, a new 
type of arrester employing nonlinear zinc oxide elements provides major advantages in its ability to 
nde through the load-rejection overvoltage excursions which are critical to arrester application on 
thc . hj ^- vo,ta f e pnerator. It is assumed that this type of arrester^ which is now commercially 
available, would be utilized, and would permit application of high-vbltage generator BILs as low as 
indicated in Table 4.1-1. In this table, the listed insulation test levels are those established for; 
nijgh-voltage transformer windings. If different values are assigned for the particular insulation sys- 



Table 4.1-1 
INSULATION COORDINATION 



Generator 
Voltage 
Rating 



230 kV 
345 kV 
500 kV 
765 kV 



Insulation Test Levels (kV) 



Full-Wave Chopped Switching 
BIL Wave Surge 



750 
900 
1300 
1800 



865 
990 
1430 
1980 



620 
745 
1080 
1500 



Arrester Characteristics* 



Rated 
kV 



264 
312 
444 
588 



Discharge 

Voltage 
8 x 20 
M-Second 
Current Wave 

(10 KA) 
598 

(10 KA) 
707 

(15 KA) 
1043 

(20 KA) 
1418 



Switching 
Surge 

Protection 
Level 



520 
615 
874 
1197 



Withstand 
Time at 

175% of 
Generator 
L-N Rated V 
(seconds) 



Over 60 
10 
8 

Under 1 



•Based on GET-6460, Application Guide for Tranquell Station Surge Arresters. 
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* ■ v,i„h vnitaae cenerator these should be used in a final determination of insulation 
tern used in the 1 ^?^f%£^ hould be noted that the indicated arrester does not have 

S^lh^ttoMl ratings with greater discharge capability will be obtainable when requtred so 
that an X 0 /X, ratio of 3.0 can become sufficient for this voltage class. 
4.1.2 Grounding Arrangements 

Supplementary grounding for the station may be provided in a number of ways and can be 
fnfl^nced by the presence at the same station of a lower transmission-voltage bus For the pur- 
ooS^rtow5r^!to transmission-voltage station consisting of two generating "nits is as- 
sumed F« ^thTdelu-connected generator, it is fundamental that the grounding remain connected 
Echini at dUimes rather than to one or more of the high-voltage bus sections. This is to 
provTd ™oZ£*™m»IX to synchronizing and, more importantly, to maintain ^dequate 
SounduS to limit voltage stresses during line-to-ground fault conditions coupled with load- 
rejection tripout of the generator. 

The necessary grounding for the delta-connected generator may be provided by a separate zig-zag 
]^«n5f^ ^k for each unit- however, a more economical arrangement is illustrated in Fig- 
B u r r °e n7 wheJe S.^TiiShr, transformers are utilized as grounding ban*, h ^ 
Aeir nolll function. While this approach appears to be practical, several considerations which 
afTect cost and/or operating procedures should be noted. 

• The auxiliary transformers require lower than standard impedance to provide the minimum 
^rCriST/X, - 3.0). This entails a cost penalty to these transformers of about 

20%. 

. To meet the transmission system grounding needs, the auxiliary t ^ OTm " l ^S > 
wuiding connections should be delta connected. This requires separate ndpn^BI 
^formers for auxiliary system grounding and produces a relatively insignificant cost 
addition. 

. Since loss of an auxiliary transformer would shut down a machine for lack of grounding, a 
spare transformer should be provided and is included in the cost comparisons. 

. From an operating standpoint during startup and shutdown, the arrangement of Figure 4.1-4 
fs oSiSlly'the same as a typical conventional ™" *' n "^ 

also has its major auxiliary supply transformer tied directly to the generator- The startup 
source in the case of the delta-connected high-voltage generator, however, is the auxiliary 
rans?ormer of the second unit rather than a startup transformer 

one of the hish-voltage busses. To maintain equivalent reliability of the auxiliary system, a 
del* ^otdown would need to have its own auxiliary transformer promptiy recon- 
nected to the bus While this is a normal procedure, a permanently connected startup/ 
Sown auxSy source is preferable. Such a source might be obtainable ir .connection with 
oWef c^nventioS; units at the site, or the spare auxiliary transformer referred to above could 
be utilized in this capacity. 
The assumed full-load auxiliary requirements are 10% of the generator rating, i.e., 60 MVA for the 
So MvTSnit shown in Figu^ 4.1-4. The 100 MVA forced cooled rating o ft 
transformer is intended to pr„„de startup capability for another unit as well as 67% reserve capacity 
for outages within the auxiliary system. 

A station arrangement for wye-connected high-voltage generators must be < 1 to provide a 

basis for the cost comparisons of the grounding equipment Figure 4.1-5 '»«trates such anar 
ranaement in which the grounding is provided by a reactor in the winding neutral, a«d«opn>^ e 
r^ ratio of 3. For this arrangement, lower X 0 /X, ratios could readily be provided, and the 
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600 HVA 
345 fcV 



1 




600 HVA 
345 fcV 



i 



tJL JL' 



. Aux. Tr. 
* 60/80/100 MVA 
6X IZ (on SC rating) 



Aux. Tr. 
60/80/100 MVA 



Figure 4.1-4. Station Arrangement and Grounding for Delta-Connected High-Voltage Gen- 
erators 




Figure 4.1-5. Station Arrangement and Grounding for Wye-Connected High-Voltage Genera- 
tors 



e,fec, „„u,d be ,0 produce ,o«e, ttJ^^'J^L 

S. seen that reducing X 0 /X, rattM . ro ^^J h '?S 8 " favorable trade-off direction to pursue 
ugef If the generator design stud es '^"^ ^^e generator can be investigated While 
Slower Xo/X, ratios for the ^-^l^^Tmol effective grounding of the dclta- 
0 f secondary importance, it can be noted ^^^^^ for the required groundmg 
coSectedhigh-voltage ™" ^^ected generator will entail a <^ ° d ° f 

requirements. . nmvide orounding and are connected 

The auxiUa* transformers in »- J- - -J* 

U) the high-voltage mam busses. lfthe'e »er< . also re<miremenB . The .tuttl- 

ir^^r^^^^ *- °° o,ed '"^ -* °° sp 



transformer is included. ener ator's Grounding Equipment 

4.1.3 M^i Cos, Penalties ... the D«...-C..n.«- ™* ^ 

Since grounding of the »*£ *« 

transformers, which in turn can *^ ™"™r%. „i become extremely mvolved when one 

comparison must be the ™«>™"*'Z,7? m ™tte motor cost differences, .no the wtde v.n»- 

practice is considered. auxiliary system 

capacity which may be metaled. ^e-connected high-voltage 

Estimated instated cost f "^"^""SS MVA, 345 KV generator,. Four ar- 
generators is summarized in Figures 

rangements are considered: ^ penalty for Delta Generators 

$/Machine 
(S thousands) 

207 

(1) Figure 4.1-6: Auxiliary transformer grounding 

of the delta generator 37Q 

(2) Figure 4.1-7: Separate zig-zag grounding transformer 

for the delta generator _ 1Q 
m Fieure 4.1-6: Same as (1) except spare 

0> Srmer and spare neutral reactor are omitted, ^ 

(4) Figure 4.1-7: Same as (1) except wye generator 

neutral is solidly grounded wwe variations are possible, 

romoarison (1) would appear to be the one of most significance. Wide variations 
Se° P Tding° on particular station design assumptions. 
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Aux 
30/40/50 



600 




345 kV 



600 



«r. j S Aux. Tr. 

0 MVA 7 30/40/50 M 



MVA 



— D- 



O- 



Spare 
30/40/50 MVA 



VV 3 




Figure 4.1-6. 



Spare Neutral 
Reactor 



Aux. Transf. 
Neutral Reactors 
Aux. System Grounding 
Aux. Swgr. 



Cost Penalty To Delta Gen. 
S/Hachine 



367 K 
- 200 K 
40 K 
assumed same 
207 K 



Cost Comparison for Auxiliary Transformer Grounding of Delta-Connected 
High-Voltage Generators 



4-8 



V 



600 




Zig Zag 
Gr. Transf. 
3 



— Q 



600 



•"Sir; 



d- 



1— a 



V 




Aux. System 
Grounding Transf. 
Neutral Reactors 



Spare Neutral 
Reactor 



Cost Penalty To Delta Gen. 

$ /Machine 

assumed same 
570 K 
- 200 K 
370 K 



Figure 4.1-7. Cost Comparison for Separate Zig-Zag Transformer Grounding of Delta- 
Connected High-Voltage Generators 
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4.2 GENERATOR SHORT CIRCUIT CURRENTS 



High-voltage generators have an inherent advantage over conventional generators in the design re- 
quirements for maximum short circuit forces because the currents for a three-phase fault at the 
generator terminals are smaller for the high- voltage generator. This attribute is illustrated in Fig- 
ure 4.2-1 for generator systems possessing similar stability performance (presenting the same tran- 
sient reactance to the transmission system). 

On the other hand, depending on the winding type (wye or delta) and the degree of grounding, 
high-voltage generators may be subjected to greater short circuit forces than conventional genera- 
tors for the more frequent transmission iine-to-ground fault. One example is shown in 
Figure 4.2-2. 

The most frequent fault conditions experienced by a generator are line-to-ground faults, comprising 
80 to 90% or more of transmission line faults. Fortunately, they are generally the least severe of 
the fault types. Fault statistics vary widely with location, transmission voltage level, line construc- 
tion, shielding practices, etc.; however, representative data for 345 kV are as follows: 

Fault frequency: 3 faults/ 100 mi/yr. 
Distribution by fault type: 

L-G 81% 

L-L 6% 

L-L-G 9% 

3-Phase 4% 



X 1 - .27 



9.0 

8.0 

7.0 

6.0 
Per Unit 

s.o 4 

6.0 
3.0 
2.0 

1.0 4 

0 



.13 



X» - .27 



X* - .19 .M X' -.3 

O^k o 



Conventional Unit 



LV 
fault 



HV 
fault 



X"-.20 
X' -.27 



High-Voltage Generator 



HV 
fault 



Figure 4.2-1. Three-Phase Fault Current Levels for Conventional and High- Voltage 
Generators 



4-10 



I. Conventional Unit 

X" - 0.2 



N 

X t • 0,1 




X s - 0.2 



L-G 



Sen. i • 3.66 p.u. 
Transf . I » 



II. HV Generator - Wye 
X* - 0.2 




III. HV Generator - Delta 

X" » 0.2 Gen. & Gr. Tr. 



Gen. I - P-"- 



Figure 4.2-2. 



Generator Fault Currents (ac Component) for System Line-to-G round Faults 



For rough calibration purposes, assuming a four-line station 5 ° ^ ° f 

fhe sS the high-voltage generator would be exposed to the following 30-year duty. 

146 L-G faults 
11L-L faults 
16 L-L-G faults 
7 Three-phase faults 

Because of the preponderance of ground faults, the type of grounding employed is significant to the 
stator winding duties. 

4.2.1 Fault Currents for Wye-Connected High- Voltage Generators 

For the wye-connected generator, neutral grounding is ^^^JlrZ^ ^Staf^n- 
necting the neutral directly to ground to the utihzahon of a neutral '^.^Si^KSiSr 
tor Xo/X d " ratio as high as 3. As discussed in Sect.on 4.1, grounding of at least this effectiveness 
should be provided for system considerations. 
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The basic generator and system parameters for the fault calculations are listed in Table 4.2-1 Fig- 
ure 4.2-3 shows generator fault current levels for close-in line-to-ground and multiphase faults. All 
of the fault currents plotted are the subtransient, symmetrical ac components and do not include 
the dc component of a fully offset wave, which may be present. While it is generally assumed that 
the iine-to-ground fault currents will be the least severe, note that with a solidly grounded neutral 
the line-to-ground fault current exceeds the three-phase fault current. 

Despite the higher fault currents with solid grounding, there is a compensating benefit in the form 
of lower short-time overvoltages associated with a terminal line- to-ground fault and load-rejection 
tnpout of the unit. Figure 4.2-3 also shows the estimated load-rejection overvoltage levels as a 
function of the degree of grounding. 

Table 4.2-2 summarizes the fault current levels for wye-connected high-voltage generators. It 
should be recognized that the 30-year exposure listed is simply a broad average around which there 
may be large perturbations. For example, during an unusual ice storm, a major generating station 
expenenced the above "lifetime" exposure of nearby line-to-line faults in a single evening. 



Table 4.2-1 

BASIC DATA FOR FAULT CALCULATIONS 

High-Voltage Generator: 
X; = 0.20 
X; - 0.27 

X 0 — 0.16 (Wye generator) 
Initial loading 0.9 + j.31 (0.95 p.f,), E T = 1.0 
System: (per unit on generator kVA base) 
X !S = in range 0.1 to 0.8 
Xos/X ls = in range 1.0-3.0 



Table 4.2-2 

FAULT CURRENT LEVELS FOR WYE-CONNECTED 
HIGH-VOLTAGE GENERATORS 







Fault Current 


(ac comp.) 


Fault Type 






Neutral 


Typical 30- Yr. Exp. 


x 0 /x; = 3.0 


Solid Ground 


L-G 


14* 


4.0 p.u. 


6.0 p.u. 


L-L 


2 1 


4.8 p.u. 


4.8 p.u. 


L-L-G 


16 


5.0 p.u. 


5.6 p.u. 


3-Phase 


7 


5.4 p.u. 


5.4 p.u. 


Load-rejection over- 


Rare 


1.6 p.u. 


1.15 p.u. 


voltage (with 




L-G fault) 
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4.2.2 Fault Currents for Delta-Connected High-Voltage Generators 

For the delta-connected high-voltage generator, grounding by means of some type of grounding 
transformer is assumed. A range of grounding effectiveness of the generator from X 0 /Xj = 0.8 to 
3.0 is considered. While a low ratio would appear to be economically unattractive because of the 
increased cost of the grounding transformers, it is included to permit evaluation of the benefit to 
the generator insulation requirements. 

Figure 4.2-4 shows generator winding fault currents in per unit of normal winding current in the 
delta. The estimated short-time overvoltages on load rejection will be the same as those given in 
Figure 4.2-3 for the wye-connected generator. 

Table 4.2-3 summarizes the fault current levels for delta-connected high-voltage generators. For 
line-to-ground faults, which predominate, the delta-connected generator experiences considerably 
lower current levels than the grounded wye-connected generator. The delta-connected generator 
experiences the same short circuit current for all types of phase-to-phase faults, as indicated by the 
table. This group of faults is not an insignificant number, and thus, the advantages of a delta- 
connected generator from the fault current standpoint are not as great as might be thought at first 
glance. 



Table 4.2-3 



FAULT CURRENT LEVELS FOR DELTA-CONNECTED 
HIGH-VOLTAGE GENERATORS 



Fault Type 


Typical 30-Yr. Exp. 


Fault Current 
X n /X; - 3.0 


(ac comp.) 
X 0 /x;- 1.0 


L-G 


146 


3.1 p.u. 


3.3 p.u. 


L-L ^ 








l-l-g r 


34 


5.4 p.u. 


5.4 p.u. 


3-Phase J 








Load-rejection over- 
voltage (with 
L-G fault) 


Rare 


1.6 p.u. 


1.15 p.u. 
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4.3 LOAD-REJECTION OVERVOLTAGES 

As indicated in Section 4.1 the stator winding of a high-voltage generator with minimum grounding 

£t \~ * r JeClCd \° h,8her lCVelS ° f sho "- time overvoltages than is a conventional gen- 
era or step-up transformer. In order to better define the expected short-time overvoltages of £h- 
voltage generators, computer simulation studies have been performed for line-to-ground fault situa- 
tions occurnng near the generator terminals and accompanied by tripping of the generator breaS. 
The system is modeled as a single high-voltage superconducting generator feeding an infinite bus 
through a transmission system equivalent impedance, as illustrated in Figure 4.3-1 The comouter 
program utilized for the load-rejection calculations models only positive sequence networks so ficti- 
tious ; transmtssion ines were added to simulate the zero and negative sequence circuS 7o?.7ing5e 
line-to-ground fault. Closing switch B initiates the line- to-ground fault, and load rejection owurT 
when switch A is opened. Switch A could be located near the infinite bus at the far end ofAe 
£n^? 1S ^ n ' 3 f d thC ma * imum overvoltage would then be a function of the transmission line ' 
length. The generator grounding reactance is selected to provide a generator XJXZ ratio of 3 0 
The high-voltage superconducting generator is modeled with conventional synchronous machine 

^Ti; P ^t 11 r ° t0r (RCfS - 4 " 3 ThC m ° del parame".- 

Two load-rejection cases are considered: case 1 is for a simple load-rejection tripout with no accom- 
iSStJSS T V S l° T 3 line : to -^«nd ^ult near the generator terminals accompan^ by a 
load rejection For both cases, the initial loading prior to the disturbance isEr-lOSpuP- 
0.9 p.u., and Q = 0.35 p.u. overexcited (p.f. = 0.93). The line-to-ground fault is applied I at t = 0 
and remains on. At t = .067 s (4 cycles) the generator main breaker is tripod. 

Sik^Fol^Tp-' 3 " 2 iI, ]«™ t «*f overvoltage accompanying a simple load rejection with no 

oh,! ,r ' r 8UfeS 4 , 3 ; 3 a ° d 4 - 3 * 4 i,,Ustrate the 'objection overvoltage of an unfaulted 
phase for the case of a s.ngle line-to-ground fault remaining on Phase A. The maximum overvolt- 
age is approximately 150% of normal line-to-ground voltage maximum overvolt- 
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Figure 4.3-1. System Model for Load Rejection Studies 
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Figure 4.3-5. High-Voltage Generator Load Rejection with Line-to-G round Fault on 
Phase A, R r - -75 fi 



4.4 GROUNDING TRANSFORMER SHORT-TIME FAULT CURRENT REQUIREMENTS 
Grounding for the deita-connected high-voltage generator is accomplished with the unit auxilianr 

Sure 4 4-1 together with typical fault current duties derived in Reference 4-6. It is apparent that 
^wKiaT^^Si, discharge resistor, the short-time duty for the h.gh-voltage gen- 
erator auxiliary transformers is not excessive. 
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4.5 LINE RELAYING CONSIDERATIONS 

The influence of the degree of system grounding provided at the generating station on the ability of 
*e 1 ne relays to operatlcorrectly for line-to-ground faults was mvestigated. .Effective hne ^retaymg 
is provided with negative sequence current quantities, so this should not be a factor in considenng 
delta-connected high-voltage generators and the degree of grounding provided. 

4.6 GENERATOR LEADS 

The main leads of the high-voltage generator will require no major development since they will uti- 
£ZSZ ^gas-insulated buswork or high-voltage cable. There is much 345 kV cable .experience 
but little experience at higher transmission voltages. The gas-insulated bus is available for all 

transmission voltages. 

Cable connection to the switchyard would be made without intermediate tops because auxiliary 
transformer, surge arrester, etc., connections could be made in the high-voltage switchyard Gas- 
insulated buswork could provide a little more flexibility in equipment location. Figure 4.6-1 illus- 
trates one arrangement schematically. 

The overall physical dimensions of gas-insulated bus containment is not ^^J^^^t 
ameter than the isolated phase bus of a conventional unit. The inner ~" ent ^ m n g f c °^°V £ 
the gas-insulated system carries far less current, but it must be designed for control of much higher 
voltage stresses. Any cost difference between high-voltage generator buswork and conve°t.ond 
generator buswork will be relatively small and will not be a significant factor in the economic ap- 
praisal of the high-voltage generator. 




Figure 4.6-1. Gas-Insulated Buswork for the High-Voltage Generator 
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4.7 PROTECTION OF HIGH-VOLTAGE GENERATORS 

The preferred winding arrangement for the high-voltage armature is the 60° phase-belt two-circuit 
delta arrangement illustrated in Figures 2.1-15 and 2.1-16. In determining the protection for this 
type of winding, two arrangements of the circuit leads are considered, as shown in Figure 4.7-1. 
The arrangement illustrated in Figure 4.7-1 A is labeled the single-delta arrangement because the two 
circuits of each phase are paralleled internally and only one set of delta connections is required. 
The two phase leads of each phase are brought out through high-voltage bushings and the delta 
connections are performed externally. Current transformers (CTs) are placed in each circuit and in 
the high-voltage bushings. Additional CTs are shown in the generator leads. 

The arrangement illustrated in Figure 4.7-1B is labeled the double-delta arrangement because two 
separate delta connections are performed internally from the two sets of circuits. Leads from each 
delta junction are exited through high-voltage bushings and the deltas are paralleled externally 
This arrangement is the most natural to the winding and requires the least amount of internal "lead- 
work. CTs are placed in the bushings and in the generator leads. 

Whilem each arrangement there are three CTs in each bushing and three CTs in each lead only 
four CTs per phase are actually required for protection purposes. It should be noted that the CTs 
in the generator leads are free-standing high-voltage CTs. 

4.7.1 Protection Arrangements 

Figures 4.7-2 and 4.7-3 illustrate the proposed protection arrangements for the two circuit-lead 
configurations. These arrangements provide fault protection for both the stator and the rotor and 
protection for abnormal operating conditions. For purposes of clarity, only one phase of the stator 
fault protection is shown. 

Protection is provided for the following conditions: 
Device Number Protection 

21 Impedance relay for backup protection for uncleared system phase faults. 

21G Impedance relay for backup protection for faults in the generator and 

generator leads 

32 Reverse power relay for antimotoring protection 

40 Impedance relays for detection of loss of excitation 

46 Negative sequence overcurrent relay for the detection of unbalanced currents 

51TN Time overcurrent relay for backup protection for uncleared system ground 

faults 

59VHZ Volts/hertz relay for overexcitation protection 

Voltage balance relay for detecting a blown fuse in the potential transformer 
circuits 



60 



64F Voltage relay for detecting ground faults in the fie 1 -. 

78 Impedance relay scheme for detecting a loss of synchronism 

81 Under frequency relay to detect prolonged operation at reduced frequencies 

87B Differential relay. In Figure 4.7-2, this relay provides backup protection 

for generator faults and primary protection for the leads from the generator 

to the circuit breakers. In Figure 4.7-3, this relay provides only 

primary protection for the leads from the generator to the circuit breakers. 
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(A) Single-Delta Configuration 




Figure 4.7-1. 



(B) Double-Delta Configuration 

Arrangements of Circuit Leads .nd Current Transformers for the Protection of 
the Delta-Connected High-Voltage Armature Winding 
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87G1 Split phase differential relay. In Figure 4.7-2, this relay is primarily 

intended for the detection of stator turn and ground faults In 
Figure 4.7-3, this relay provides protection for turn faults, multiphase 
faults, and ground faults in the stator. 

87G2 Differential relay for the detection of phase and ground faults in the 

generator 

87GN Zero sequence current differential relay for the detection of ground faults 

in the generator and generator leads 

For the most part, it appears that devices 21, 32. 40 46 51TN 59 <50 *dF 79 <m » 
4.7.2 Fault Protection for the Single-Delta Configuration 

I?™nr? h teCtiO0 arrange . ment shown * 4.7-2 provides the same degree of sensitive and 

U^^^SfT " • - a - Pr ° Vided ° D P resent - da y WonneeJ f c^nventiS generators 
In fact, the ground fault sensitivity may even be greater. s^ucraiors. 

The primary protection for the stator windings is provided by devices 87G1 and 87G2 As men 
^ou^rr 31 "' d f Vice * 7G1 * a split-phase differential relay which providt statt tu™ fTuiTand 
JXSfni? T C T' ThC sen . sitivit y of th « Protection is dependent on the amount 0™^^ 
tevef Sfn^Tf 1 . 6 tW ° CirCUitS iD CaCh Phase ' because the re,a * have to be set abovTthe 
hnrl ? ^ c,rcu,a,in * current by circuit magnetic unbalance. While there is no turn fault 

f^edbT^M 111 *T aVa!1 T ab,C f0f the generator being considered, some pre"o£ worker, 
formed by the Massachusetts Institute of Technology on a similar type of generator indict that 

™z ™:r*:T^ differentiai re,ay wouw be ab,e » — « 

S "'""I 118 i r rna " y m ° Umed rClaying electron ^ for a fiber-optic alarm-Sal 

ttansmission could be easily substituted. Figure 4.7-4 illustrates one such possible arrangement 

2SS2S£^^ be K re r r ? , f ° r thC SpCCific appHcation ' however' the bLL S^y is 
well established and is described in References 4-7 and 4-8. 

hSl'vo 1 !^" rC,ayS wid T e,y t used for transformer internal fault detection should be applicable to the 

fhrteh 2 -^T 01 ^ Sh ° U,d a,S ? bC P ° SSib,e to provide sensitive «»«W«t fault detection 

SS^uTlf ^aST" /0f ^ a . nalySiS d6ViCeS Present,y USed on power formers. 
p^n!? a ! « l f r may Start as ,ora lized hot spots in the stator winding. Such faults will 

mZZl^LTT ? 845 WhiC J an be de,ected * a gas dete «<>' « through a 

wTsouS an £™ £T " ^ J™?' When 3 given amount of gas is emulated, the relay 
Concentrating; ,™ C ^^ en be 3na,yZed t0 det ermine the existence of an incipient fault. 
mta?D^£ZZ hLwi 8aSe ! md,Cate die,eCtric degradat ion, :-rcing, corona, or hot spots. The 
SSSfSSTJrSf T h m0n,U ? r Pr ° V,dCS 3 "Pleated method for measuring concentrations of 
x^^SZ^J^ ^ mPmeM ^ bC programmcd ^ extract oil samples at preset time in- 
vsfe t£ h5 . ^ concentration of nine different gases through chromatographic anal- 

cTniJ^ t r^ , and d,S J ayCd in bar chart form on a P a P er chart reorder. Again, the con- 
^ori^X^^rT W ° U J d T diCate an incipient fauIt in the unit. Additional development 

Z^£$X^*** m » of lransformer ™ p — "< ays « g * ™W» 
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Figure 4.7-4. Air-Core Current Transformers and Internally Mounted Relaying Electronics 
for Split-Phase Protection 

Device 87G2 is a conventional generator differential relay that provides P"^^P<"« ^ * r "" 
ohase fault and ground fault protection for the stator winding. This type of protection has a 0.2 A. 
- $£ZX*?«S£ conditio^ and a 0.5 A pickup under full-load conditions. According to fauU 
emulations made hy MIT, it is possible that this protection could detect a ^"^SZS^^t 
as much as a 100 fl fault resistance.. While there is no data available on ground fault current mag- 
nitudej h fa ? likely that both device 87G1 and device 87G2 could detect these faults anywhere » 
the winding. The operating times of both types of protection is from 1 to 2 cycles. 
Device 87B is a high-speed bus differential relay which is capable of detecting both phase and 
ground faults in the generator and the generator leads. This relay can provide more sensitive pro- 
tection than a standard generator differential relay. 

The combination of devices 87G1, 87G2, and 87B provides overlapping high-speed primary and 
backup protection for the generator. 

Backup protection for 'he generator leads and additional backup for the generator are provided by 
devices 21G, 87GN, ~.d 51TN. 

Device 21G, an impedance relay which is connected to "look" into the f^^J^l^l 
protection for phase faults. Time delay will have to be used with this relay m order to prevent pos- 
sible misoperations due to stable swings. 

Device 87GN is connected in a zero sequence current differential scheme and is used to detect 
ground faults in the generator zone. Time delay may have to be used with this relay to prevent 
operation on external faults. 
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shown in Figure 4.7-3, split.phase differential scheme 87G1 is usedLfof winiiii^liS^it 
S < ?? £U£ A^?. sensitivity of, the turd fault protection is dependent on the unbalance between circ 
1 i U ^ il^l??? 1 ^?^^ this t^ase; t6c relay will seethe unbalance ^between the clrrahs bC^m^ls^^lS 

i ample, the Phase A telay will s^ Qip. iu : ; 

: ^ Phases. Depending on how these currents add ;up, the circulating cufrentw 

■1 . . than in the single-delta configuration. Another factor which affects the sensitivity is the fafct that 
the currents being compared include currents from two phases. For exaniple, for a turn fault in 
winding (A-B), the current in the CTs includes the phasor addition of the current from winding 
(A-O. Assuming no initial unbalance and using the data from the MIT study, the relay wffl only 
detect a turn fault with zero fault resistance. In the single-delta configuration, it was possible to 
detect a turn fault with as much as a 0.01 n fault resistance. For phase-to-phase faults between 
windings, this scheme would detect a fault with as much as a 100 A fault resistance. This scheme 
should also be able to detect ground faults anywhere in the winding. 

It should be noted that it is possible for two relays to operate for a fault involving one phase. For 
example, for faults involving winding (A-B), the relays in the (A) and (B) phases will see the un- 
balance caused by the fault 

For backup protection, the high-speed split-phase differential scheme could be duplicated in each ( 
phase by using the spare CTs in the leads from the delta windings. This approach would provide * 
two high-speed zones of protection for the stator windings. This duplicate scheme is not shown in 
Figure 4.7-3. Otherwise, impedance relay 21G will provide backup for phase faults, while 
differential relay 87GN and time overcurrent relay 51TN wiU provide backup for ground faults. - 
There would be time delay associated with the operation of devices 21G, 87GN, and 51TN. { 

The leads from the generator to the circuit breakers would be protected by a high-speed bus ^ 
differential relay 87B, while backup for faults in this area would be provided by devices 21G 
87GN, and 51TN. 



4.8 SHAFT TORSIONAL DUTIES 

lhe torsional duty of the high-voltage generator must be investigated because the high-voltage 
generator's direct connection to the power system and its low-inertia superconducting rotor will exa- 
cerbate the effects of power system faults on the torsional duty of its shaft system. The elimination 
of the reactance of the step-up transformer increases the level of fault currents and the consequent 
torque on the generator rotor. The reduced superconducting rotor inertia, which is some 25% to 
35% that of a conventional generator rotor, allows greater torsional acceleration of the supercon- 
ducting rotor and consequent greater torsional stress on the generator-to-turbine shaft. 
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^ manner to*clneve the greatest torsional shock. These evaluations were performed for Wjpig^ 
different turbine designs (892 MVA, 815 MVA, and 690 MVA) that were coupled to the h^t ^ 
voltage generator- Torsional duties were also calculated for conventional generators coupled to Jhfr 
same turbines and are used as a basis of comparison for the high-voltage generator. For evaluaton- 
purposes, the high-voltage generator replaced the conventional generator witiiout making any v 
changes to the turbine-generator shaft stiffnesses. All calculations were performed for faults at the 
generator terminals. The model and data associated with the turbine-generator designs are con- 
tained in Appendix I. 

The torsional responses of the turbine-to-generator shaft are displayed 1 in Flgtir« 4,8-1 to 4il-3 for 
the three different turbines. The peak shaft torques for all shafts are listed in Table 4.8-1, with the 
turbine-to-generator shaft labeled as shaft 4-5. The turbine-to-generator shaft torques forthe. high- 
voltage generator are nearly four to six times that calculated for the conventional units. These in- 
creased torsonal duties are strictly due to the lower rotor inertia of the high-voltage generator and 
are to be expected from simple physical reasoning. If the generator rotor inertia is very smaU I com- 
pared to the turbine inertia, a fault torque placed on the generator rotor will be resisted only by the 
generator inertia, since the turbine will resemble an infinite inertia. 

The shaft-torque comparisons would appear even worse if a transformer reactance was included in 
the calculations for the conventional units (modeling a fault on the transmission lines near the 

Table 4.8-1 

PEAK SHAFT TORQUES 
(average of positive and negative peaks) 



Shaft 


Conventional Generator 
Peak Torque (p.u.) 


High- Voltage Generator 
Peak Torque (p.u.) 




892 


815 


690 MVA 


892 


815 


690 MVA 


1-2 


NA 


.3 


NS 


.7 


.8 


NS 


2-3 


NA 


.4 


1.4 


.8 


1.1 


1.3 


3-4 


1.4 


1.0 


1.7 


2.1 


2.5 


3.0 


•4-5 


1.9 


1.3 


NA 


7.4 


7.3 


7.0 


5-6 


.2 


.1 


.1 


.43 


.33 


.3 



•LP turbine-to-generator rotor shaft 
NS - No shaft 
NA - Data not available 
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Figure 4.8-1. Fault Torque on the Turbine-to-Generator Shaft for a 892 MVA Turbine Con- 
nected to the High-Voltage Generator 
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Figure 4.8-2. Fault Torque on the Turbine-to-Generator Shaft for a 815 MVA Turbine Con- 
nected to the High-Voltage Generator 
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transformer). The tirafcnheV ^Creiiie tg frill e^nts and [the applied fault ^ 

torque on the conventional generator rptp?s^ ^^^^-^ l'Ui : \y\2l «• i ■ i 1 :■ • I • , ill f- 
The conclusion to bJ drawn Kom'th ese studied fctliat the turbines-generator shaft of the high- ; 
voltage generator will have to^be considerably strengthened. : . At J j.J : - M .- | f 

4.9 SUBSYNCHROrfoUS RE&riANCE CON^ 

The phenomenon of Subsynchronous Resonance (SSR) describes the interaction between the tor- 
sional and electrical dynamics of synchronous generators with a series capacitor compensated power 
system The eenerator electrical and torsional dynamic parameters are important to the seventy oi 
possible SSR effects and are a legitimate concern in the evaluation of the high-voltage generator. 

The three components of SSR phenomena are: 

1. Induction generator effect 

2. Torsional interaction 

3. Transient shaft torque amplification 

The induction generator effect concerns the appearance of a generator W tiv « r ^ un *£* e . 
subsvnehronous stator current. If the negative component of resistance exceeds the positive rem- 
tance components of the positive sequence network at or below the resonant frequency of the sys- 
tem, subsequent electrical responses will be unstable. The magnitude of the negative /".stance : * 
proportional :o the generator negative sequence resistance -nd therefore affords a basts for design 
comparison. Any design effect that reduces generator rotor resistance w,H reduce negative **- 
quence resistance The absence of iron in the superconducting rotor of the h»gh-vo tage generator 
produces a natural reduction in the rotor resistances; therefore, a high-voltage generator would be 
of benent in reducing the SSR induction generator effect. 

The torsional interaction component of SSR phenomena is more affected by torsional dynam ics 
than eeneratcr electrical dynamics. Therefore, just as the shaft torsional duty for faults was worse 
for the r.ieh -voltage generator (see Section 4.8), so will the SSR torsional interaction also be worse. 
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~In general, the contribution of the torsional dynamics fb SSR torsional interaction is proportional to 
the contribution of the generator rotor in the toreion^ vibradqn behaviour of the whole turbine- 
generator. The reduced inertia of the superconducting rotor^^ thin contribution in some 

^mbdeisj)f^ mechanical design corrections tfiat Improve normal fault-caused torsional 

duty, such as reduced turbirie-to-geherato also suffice to improve the 

: SSR torsional interaction performance^; f ^lidfSI^MsM^SJ^i^^^ 



f^13^|£^^fja8^j^Ssf*i-»f ^^.t.^ « -festal 

■ : u^iAo transient: stability 

i f & -Toe very low synchronous reactance of , the 



- , : - _ : , ^-voltege generator with its superconducting rotor 

tends to enhance both its steady state a^ its lower rotor in- 

ertia tends to degrade its transient stability \ti^£^jv^^r^A^xStf study was made to compare criti- 
cal clearing times fbr the 600 MVA, .34£ W and a conventional unit of the 
same MVA rating. . The generators axe modeled with "the'^^ctironous machinery equations 
described in Appendix HI Reactance and inertia data for the 600 MVA machines are contained 
in Table 4.10-1, i ^ :-^ : : : * 

The power system model uses a single equivalent reactance connected to an infinite bus. The post- 
fault reactance is twice the prefault reactance for aU;caso^^^^^ 

Rgure 4.10-1 shows the results for a range of system reactances. A two-cycle improvement in criti- 
cal clearing time is indicated for the high-voltage geheratOT^ jtKs is a rather substantial improve- 
ment and is comparable to or greater than that attainable b^tfie addition of a very high perfor- 
mance excitation system on a conventional unit t 



Table 4.10^ 

REACTANCE AND INERTIA DATA FOR TRANSIENT STABILITY STUDIES 





High-Voltage Generator " 


Conventional Generator 




J99 


■ I " 1.88 




.266 


.28 




.228 


.20 


Xinnjf. 


None 


.10 


H 


2.0 


2.5 


Excitation 


Fixed E fd 


0.5 Response ratio 



/ 
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Figure 4.10-1. 



Comparison of Critical Clearing Times for High-Voltage and ConTeiitlonal 
Generators 
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Tie spiral pJ«ke armature to, J-^g- S^!U-vS form will be discussed 
perconductlng generators (Refs. *Jj™ ? ^^S^b&ftom preformed multiturn 

here. Figure 5.1-1 mus^ how t^e™ture » - g * ^pancake coils areinter- 

racetrack or pancake coils, each of which serves as * p , pancake coils and 

,eaved with rriajor insulation blankets Ulustrated in 

insulation blankets are arranged in a to be identical and to lie upon the 

ing the armature from the rotor and air gap. i \ 1 ; *4 ; 




PANCAKE COIL 



MAJOR INSULATION 
Figure 5.1-1. Spiral Pancake Armature Illustrating Pancake Coils 
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Figure 5.1-2. Cross-Section of a High-Voltage Spiral Pancake Armature 



Individual pancake coils are wound in two layers, with the conductors being wound from the out- 
side inward on the first layer and inside outward on the second layer, as illustrated in Figure 5.1-3 
Winding the coils in this manner allows the coil leads to be exited on peripherally opposite sides of 
the pancake coil (a single layered coil must have a lead running from the interior of the coil across 
the breadth of the coil in the end region, producing an irregular region of electric stress). The volt- 
age in a two-layer pancake coil builds up in the same manner that it is wound. Therefore, the volt- 
age difference between the two layers of the coil is zero in the center and builds ;o a maximum at 
the edge of the coil. This voltage difference requires a wedge-shaped piece of insulation to be 
placed between the two layers, as illustrated in Figure 5.1-4. Each layer of the pancake coil can be 
wound from a continuous length of braided conductor, minimizing conductor connections. 

The intended winding connection for the spiral pancake armature is a single-circuit wye. Sec- 
tion 2.1 discusses how wye connections produce large voltage differences at the phase breaks, and 
the spiral pancake winding is not immune to this effect. The spiral arrangement of the pancake 
coils, however, skews the coil sides so that the phase break voltages become orientated in the radial 




. . : . . ? the problems associated with large phaSe break" voltages* . , ... . ^ „ .- .. 




Figure 5.1-3. Winding Pattern of a Two-Lay-i.d Pancake Coil 
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Figure 5.1-5. 



Model of a Spiral Pancake Armature. 600 MVA, 345 kV 
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^a*?^ are assumed tot work at a 

W 4* Estanatio^pf the ampere turns is further simplified b^^^ 

t. f?* e over the region of the winding aririulus. 'That is; the cofl side is presumed for xafcwL 

>« i-nulus, as illustrated in Figure 5.1-6.T?" pt*i;fa::i:^ : t 4 hi i-i- = ... *r* - r . 

'" • '*=•- OF WINDING ANNULUS ? >l V-i |: : |? ;1 - i — ; i v> -? J ; £• 

ACTUAL COIL SIDE AREA ' ' : " : • 



: J •• 




AREA FOR CALCULATION 
OF NI 



Figure 5.1-6. Determination of Current Density for the Spiral Pancake Model 



The two-layer construction of the pancake coils produces a voltage difference of one-half line-to- 
ground voltage between the two layers at the outer edge of the pancake coil. This voltage 
tnuI*? C M- ?" re ^ es a PP?>xiniateIy linearly to zero, going inward to the center of the coil. This 
o fflSSSJ ST TT* I wedge \ sl L a P ed arca of insulation to be placed between the two layers, 

taS^ w ^T 0fFI, r 51 - 7 - 7116 insu,ation wedge imp,ies tnat there must 

I. ? T ^ e C011 th,ckness e^* 1 to thickness of the insulation wedge at the outside 
eage oi the coil. In a minimum-thickness pancake coil, half of the coil side area would be devoted 
to the insulation wedge and the other half would be devoted to conductors. 



INSULATOR 



CONDUCTOR 



Figure 5.1-7. Insulation Wedge Separating Pancake Coil Layers 
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If« than melnfoirnuin th£kneiis;|rrn^ »*< 

^!c^sldearea*deie™^ 
^ItfmltHMt^^ 

" &i values' ofthe auxiliary variable. This result permits the program Jo find a scfo^mgm, 
rdefinedby: this calculation has no physical significant; the definition hM^srfec^ao^v,. 
Ampere-turns' will be a continuous function of the auxiliary parameter. ^f^^A^^^^ 
Tameter less than the minimum thickness can be interpreted ; to mean that the current dens ty in Ito 
conductor portion of the pancake coil is less than the specified value. The specified current denstty ^ 
•may then be Interpreted as a maximum value. ^:Ml I. 'III V'J -i ; 1 

because thelrogram" does not explicitly account for the insulation Wedge-in the coil side, the \ 
copper portion of the remaining area may be presumed to be high relative to that for monolith 
cylinder windings. A current density of 300 A/cm J has been assumed for these studies. 
The modifications just described have been incorporated into a sizing program similar to^ that 
described in Section 2.2.1. This program has been used to size 6J0 MVA machines , at 345 and 
500 kV Designs are produced for insulation dielectric stresses of 100, 75, and 50 kWin. The end 
correction algorithm used is the same as that used for monolith cylinder armatures. There u> n° 
formal justification for this selection, but in view of the relatively low length-to-diameter ratios be- 
ing encountered in this study, some representation of the finite length effects is required. ^ It is 
presumed that spiral pancake armatures and monolith cylinder armatures of s.mdar protons 
have similar end leakages. This presumption may well lead to compansons favorable to spiral pan- 
cake armatures, because no allowance is made for additional core iron over the ends. The results 
are summarized in Table 5.1-1. 

Figure 5.1-8 compares monolith cylinder and spiral pancake armatures as a function of insulation 
thickness requirements. For every insulation thickness, the spiral pancake armature is larger The 
increased sensitivity of the spiral pancake armature to insulation thickness is c £ ar ^ 
generally steeper slopes. In addition, the spiral pancake armatures are longer ^ than the 
ing monolith cylinder armatures. The 600 MVA spiral pancake armature at 50 kV/in. insulation 
stress is approaching limits both in diameter and length. 



Table 5.1-1 

BEST SPIRAL PANCAKE ARMATURES AT 600 MVA 
300 A/cm 2 MAXIMUM CURRENT DENSITY 



kV 

345 
345 
500 
500 
345 
500 



fcv/in. 

100 
75 

100 
75 
50 
50 



9 
9 
9 
9 
9 
9 



hi JLl_ JLl. !L< 



R 



12 
12 
12 
12 
12 
12 



14.5 
14.5 
14.5 
14.5 
14.5 
14.5 



17.5 
17.5 
17.5 
16.5 
16.5 
16.5 



19 
19 
19 
18 
IS 
18 



20.0 
20.3 
20.4 
19.9 
20.0 
20.9 



26.8 
27.9 
28.3 
29.3 
29.5 
33.3 



33.6 
36.3 
37.3 
40.6 
41.2 
49.5 



40.4 
43.9 
45.2 
50.0 
50.7 
61.9 



42.4 
46.6 
48.0 
53.9 
54.7 
67.7 



57.9 
60.8 
61.8 
66.2 
66.9 
77.5 



128 
146 
154 
171 
174 
234 



.20 
.21 
.21 
.22 
.22 
.24 



*1 

.27 
.27 
.27 
.27 
.27 
.27 



.34 
.33 
.32 
.32 
.32 
.31 



Note: Headings R, - X are ideniical lo those listed in Table 2.2-1 
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WaW/jh^ :r345kV 500kV^ Cp1||Jt3f ^H-^i|345^ 500W ; 

Figure 5.1-8. Size Comparison i of Monolith Cylinder and Spiral Pancake Armatures 

1 ' I *p ?*? V^m;;-4^i?^ fl#? || i - rts: t 5? : & if" :■ $ * . ■ ^ : '"T. 

Figure 5.1-5 is drawn to proportion for the 345 kV, 50 kV/in. design. For comparison, Figure 5.1-9 
is the corresponding monolith cylinder armature drawn to the same scale. In addition to the in- 
creased armature volume, note that the spiral pancake armature has a thinner, larger diameter core. 
It may be necessary to increase the core thickness to provide structural stiffness. 

In conclusion, based on the study assumptions, the spiral pancake armature configuration has a 
poor space utilization that requires significantly larger machine dimensions. 



insulation] 




Figure 5.1-9. 600 MVA, 345 kV Monolith Cylinder Armature, to Scale with Figure 5.1-5 
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i Tho pancake coU exposh* ^ ^ ^.|^* ?^^^^„ m( >„f of tini. <h« U,. 






Figure 5.1-10. Electrostatic Study Region of the High-Voltage Spiral Pancake Armature 
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Figure 5.1-12. Spiral Pancake Electrostatic Stress Riser 
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Field Winding J A ' s12 



Salient Pole Stator 
600 MVA, 345 KV 

Figure 5.2-1. Rough Design of a Salient-Pole Stator 
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^^SKSrt^-i^!k^Lii2itI^jiW^^^ „ 

:urrent density or the eoni 

?ppi^K?lo^Vra<hd location of >^ 

ll • f? IJi furthest radial location!; The sizinR of the coKaurtnV^n^fnViii n t;Ai; r ^ - 



f 6btf MVX; 345 kV SAUENTIPOLE STAT OR 
WITH SUPERCONDUCTING ROTOR 



mm* 

m 



Voltage 
Current 
Connection 
Turns/Phase 

Armature Current Density 
Tooth Inner Radius 
Core Outer Radius 
Core Length 

Field Winding Inner Radius 
Field Winding Outer Radius 
Field Current Density 
Field Turns 
L ff 

L, 

L, 

X synch - <u(L g + L,/2) 



X'- 



3 L, 



345 kV 
1004 A 
Wye 
218 

150 A/cm 2 , 967 A/in. 2 

28.6 in. 

86 in. 

131 in. 

9 in. 

12 in. 

1 x 10 8 A/m 2 
1418 
4.15 H 
0.2496 H 
0.0867 H 
0.2688 H 
83.4H, .420 pu 



"(L g + L,/2 - f -^-) 74.9H , .377 pu 
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Figure 5.2-2. 



Division of Salient-Pole Stator Flux into Two Portions 

(a) Flux Producing Gap Inductance I, 

(b) Flux Producing Leakage Inductance L, 



5-15 




. ■ * ir 335*1**8**! thi s • *'l U K Core' 



Six-Tooth Sutor 
345 kV 

Monolith Cylinder 
345 kV 



Volume, in. 
2462K 

751K 



Material Cost 
432K 

131K 



x,^ i -itkjljMl M ATUR WITH THT s 5 ? f |? If 5»-f?i ? 
CONVENTIONAL GENERAT6^llfi|0if 3l( 



■^SfSs tl^Wf^tf : ^. 

v ^Sf ound Insubtioh ' H i 

r'f-rfSv-*-** - 'i h 8** ' £ *; Uii • U v ' • • 

Vblum^ ii&f ^ i r- Material Cost" 

(50 V/mil pressboard) 

587K 29K 

(50 V/mil pressboard) 

52K 
(mica) 




Core Loss] 
kW 



1419 



454 



Armature 1 . 
I 2 RuLoss P 



24% larger than 

monolith 

cylinder 
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Figure 5.3-1. Cross-Section of an Integral-Insulated Phase-Belt Armature with Taped Insu- 
lation 
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( „ , , . _ . . ma _ jprocess;^ 

■ I^gi Pw&i .ft^:?/ 1 - ? Slightly .different radius and therefore lies on a slightly different helix. Jj 



^ Nlioh; the faces of all but the c^ntennost bundle do not aUgn w and peripheral 1 

|f | jnat^ Therefore^ each conductor bundle requires a separate bending form configured fo ai 




connections is avoided by spreading the connections axial more room to lengthen 

the creepage paths. The connections start at the outermost pair of bundles, which are at the lowest 
potential. Connections are made with consecutively inward pairs of bundles, extending axially at 
each step. The innermost bundle, which is at the highest potential, has the greatest axial extension. 
In the upper design of Figure 5.3-2, there is a problem with electrical clearances between adjacent 
connections; in the lower design of Figure 5.3-2, the connections are bent outward. Figure 5.3-3 is 
a photograph of a model of the connections. 

Electrical creepage studies of these connections indicate no difficulties. The physical distance con- 
sumed by the conductors and connections is greater than that required for creepage considerations. 
The axial distance required by this connection scheme can be in the order of 4 ft on each end. 
When one also considers the additional axial clearance required between the axially furthermost 
connection and a grounded frame part such as the tank wall, it is realized that, while this connec- 
tion scheme handles electrical creepage well, it will require considerably greater rotor bearing spans. 
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5.4 INTEGRAL-IN-- 

The phase-belts of ^ :cz::v:. 
tors that are arrangec c::\:z 
ure 5.4-1 illustrates a •::;.?s- 
with the outermosi cca:. 
nates the need for very mi; 
lion thickness but is rievsic 
shielded from each o'he: : 
terials such as fiberglass -er 
phase-belt helps to equaiiz 
bution. 



, PHASE-BELT ARMATURE - COAXIAL SYSTEM 
em integral-insulated phase-belt armature (Ref. 5-3) utilize conduc- 
X wUh each turn being surrounded by a succeeding turn Fig- 
W such 1 phase-belt. The winding would be connected in w» 
Z Ll the innermost coax at terminal. The coaxial 
;ltions7since the high voltage does not act on any single msute- 
over the summation of the coaxial turn-to-tum ^ lato °£ 
e coaxial arrangement of the conductors). Thin-turn insulation ma- 
o SSTJwM be used. The elongated shape of the coaxial 
.ertuTcatdt^ces and create a more uniform surge voltage distn- 

concentric layers of 
' Insulation and conductor 






r — ^. 



















cooling tubes 




Figure 5.4-1. Cross-Seciion 
Phase-Belts 



of an Integral-Insulated Phase-Belt Armature with Coaxial 
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The coaxial arrangement of the conductors eliminates electrical creepage paths within the body of 
the winding. Electrical creepage at the end connections can be eliminated bv a uniform axial taper- 
ing of the phase belt, as illustrated in Figure 5.4-2. This design is quite similar to the end connec- 
tions for the taped system integral-insulated phase belt, illustrated in Figure 5 3-2 The coaxial sys 
tern end connections suffer the same deficiencies that the taped system end connections suffer 
Mechanical considerations dictate that the axial extension of the taper be much longer than the ex- 
tension required for creepage considerations. This axial extension is in the order of four feet for 
each end. Additional axial distance is required for the clearance of grounded frame parts and rotor 
bearing spans are likely to become excessive. 

The coaxial phase belts may be incorporated into armatures which have either one layer or two 
layers. The two-layer design would be most familiar. There would be a total of 12 coaxial phase- 
belts formed into helical coil shapes, with inner and outer layers twisting in opposite directions, ac- 
cording to the usual manner for a helical winding. This winding would be connected as a double- 
circuit wye (as opposed to a single-circuit wye) so that the outer coax of all phase belts may be 
grounded. A single-layer armature would incorporate six coaxial phase-belts that run axially 
straight down the stator bore. Diametrically opposite phase belts would be joined through a decid- 
edly complicated end-connection scheme that is the hallmark of single-layer windings. This wind- 
ing would be a single-circuit wye. 



top view 



ground 



side view 




terminal 



jumpers 



Figure 5.4-2. 



End-Region Connections of the Coaxial Integral-Insulated Phase-Belt Anna- 
ture 
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The simle laver winding b^s a superior space utilization as compared to ihe two-layer winding; this 

wHichUes from approximately 

?00 A/cm 2 at Ihe taner conductors to approximately 150 A/cm J at the outer conductors. Both 
300 A/cm at the inner The cond uctors and the msulation are packed 

Wm ,H n8S IT. ^VrewiiarSJ ndU SeStermined. The double-layer winding has a 42 in. 
tightly and the core r«ulum inner r single-layer winding. The 

core mner radius as cornpa rcu ^; t ^ m aQvanlage in space utiU zation. However, the 

SSSS ^SSl^renTconnections pose a serious impediment to its feasibility. } 

The conductor sheaths ,n the ? -~^Ji~ ^Prise^ S£ Sed 

conductor sheath and insulation is not likely to be very satisfactory. 



armature inner radius 
r= 19.0* 




core inner radius 
r = 42.0' 



Two Layer Winding 




armature inner radius 
r=19.0" 



core inner radius 
r=32.5" 



Single Lawyer Winding 

Figure 5.4-3. Comparison of Two-Layer and Single-Layer Coaxial Integral-Insulated Phase- 
Belt Windings 
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ECONOMIC AN 



Section 6 

NALYSIS OF SUPERCONDUCTING GENERATORS 



Considering all the uncertainties ^ 

review of all past published economic studies , show liability and avail- 

economic study. These studies * dicate **^ conventional genera- 

ability of superconducting generators proved to be ? P technological feasibility of 

tors. Such studies had ment when the JJTJJJ £ P ams contimic and „ better knowledge 
superconducting ^^-^^Z^lfSS cost of development, potential savings, and 

is gained of ^^l?^^^^^.^ becomes necessary. 

future business conditions, a more detauea ecou . advan- 

fa this section, a methodology ^ 

tages of low-voltage and ^^/^SSSS^V^ ^ ^ for a 35-year 

The methodology identifies estimated ^^SSTnSof low-voluge and high-voltage super- 
period, using an estimated introducuon and P-JJESilof return on industry development 
conducting generators. With ^.^^S£iS3« he effort will increase the industry's 
expenses can be calculated to provide ^J^*!^?™^ va i u es are also calculated, and the 
economic performance. ^f^J^S^S^S> that an understanding of the sensitivi- 
calculations are performed for different ^atescenan 
ty to the various assumed estimates can be obtained. 

L rationale behind the estimated -^^^ SlhTeX^Sv^y a sub- 
described in following subsections. tt » «SS^ffl SSL «t ito » ^ta* However the 
jective process. No two persons or «^2SLJta U^w»d in the future to continually im- 
methodology is presented so that updated data can be introouc 

prove the accuracy of the results. vo itaee super- 

L or «» res», B - sssJs-s 

conduct, .enemors •« ^"ttSS^^*^ >•»" ■"" been A"* 

. Modified ^ed i» ^SSjSSStf ^2^3^ T 

potential problem results from lowered tu r bine - g K e , n " a r l ", °" tt in mcr eased turbine control 

superconducting generators. operator 

even the optimistic Mvuwf . *Mri<» *™ » tt " s ■ M, ' S,5 • . , . .,„ 

the lower reactances of superconducting genera tors These < » gs ^ ^ 

speculating that superconducting generators would *£!£fZfim at a value of $50 mil. 

S on ^ - bc realized until far int0 the fu * 

lure'the ejects ^!nthe° economic results would not be dramatic. 
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S?« X °m,c compansons of high-voltage and low-voltage superconducting generators with each 
H 0 „/ a nH r VC l6SS " ncerta , ,nt y ,han 1116 comparisons made to conventional units. The assump- 
ons and estimates used to calculate the results are based on similar reasoning, and the uncena^n- 

bZSZZfS?*? DO I H PPly - H r eVCr, - lhe rCSUltS mUSt be tem P« ed b * the uncertainties^ sub- 
jectiveness of the input data used to perform the analysis. 

The monetary values used in these analyses are total domestic industry quantities. The estimated 
development costs assume that two or more manufacturers will participate in the develop^em 
effort, since a technically competitive environment will produce optimal results. 
6.1 METHODOLOGY OF ECONOMIC ANALYSIS 

The economic analyses presented in this section use a straightforward textbook methodology. Ta- 

SvinaV fSSX^l aP r aCh V t0tal ' adan ' ^elopmem senses and £ tenual 

•« „" S) ^ year fr ° m 1986 throu 8 h 2020 squired for the analysis, uid later 
subsections wdl discuss the logic used to arrive at the development costs and savings eSn^tes 



Table 6.1-1 
ECONOMIC ANALYSIS APPROACH 



Dev. Cost 



Years 


$ x 10 6 


1986 


x, 


1987 


x 2 


1988 


x 3 


1989 


x 4 


1990 


x s 


1991 


x« 


1992 


x 7 


1993 


x, 


1994 


x 9 


1995 


Xio 


\ 





Est. Savings 
$ x 10 6 



Present Worth 
Development Cost 



N 

£ X n (l+i) n 



1 



(l+r,) n 



Z, 
Zj 
Zj 

z 4 

z 5 

I 

Present Worth 
Savings 



Z z n a+o« 

n 



U+r,)« 



i — Inflation rate 

r, - Rate of return to cover cost of money (inc. inflation) 
Cost and savings are first period dollars. 

Inflation ~ i be removed from the equation by using an r 2 equivalent to: 

(l + i) B 1 
(1 + ri ) n " (1 + r 2 )» 

J? Sf eSS VI? ° f 6 V° ?% n Wi " dCfine 8 breakeve n Period for a utility. This value includes 3% 
to 4% cost of money w.thout inflation, plus 2% to 3% for capitalization (taxes, insurance, etc.). 
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The oresent worth of the development costs and savings can be calculated by applying .merest for- 
2l^»?teiStlon and the rate of return required to cover the cost o, borrowing money. 
tToZw ^r* formula can be simplified by eliminating inflation from the ormulas and using a 
SSlKw^wrn <r 2 ). Computer programs which accept the yearly development costs and 
savings and calculate a rate of return are readily available. 

To establish whether the calculated rate of return describes a scenario that will significantly improve 
7 he industry-reconomic performance, it is necessary to define a minimum rate of return percenuge 
whi fS produce a breakeven present worth value. In the utility « d no^f *J- 
lars as the input values for each year, the modified rate of return must be 6% to 7% to describe a 
breakeven period. Tn!s 6% to 7% accounts for a long-term average cost of borrowing money of 3% 
to 4% (without inflation), plus 2% to 3% for capitalization expenses such as income taxes, in- 
surance, etc.. In this report, 7% has been used as the base cntenon for each scenano. 
The results of the economic analysis for each scenario can be described in a number of different 
manners: 

. Rate of Return Value. This value must be greater than 7% or a breakeven period has not been 
£ntov2 Tto higher the rate of return over 7%, the greater the potential is for the project to 
improve the economic performance of the industry. 
• Breakeven Period or Year. The present worth of the savings is calculated for each year and is 
f^med to the year in which the savings equal the present worth of the total development 
costs. The present worth calculations use r 2 - 7%. 
. Present Worth Value The present worth using r 2 = 7% is calculated for both development ex- 
panses and savings The net present worth is calculated by subtracting the development value 
from the savings value. 

The values described above can be considered to be qualitative indications ^^^J. 0 ™^ 
ect behw analyzed The decision as to whether the project should be selected for future «v el °P- 
men. Effort must be made by ascertaining whether other development project, , wh.ch would use 
the same development funds, could provide significantly greater financial benefits. 

6.2 RESULTS OF ECONOMIC ANALYSES 

Tables 6.2-1 and 6.2-2 contain the input data used to calculate the ra ^;«" r "'.^ e s ^ 
and the present worth for a number of different business scenarios. Table 6.2-1 illustrates ; the 
economical of low-voltage superconducting generators ^.^^^S^ for 

Two different electrical industry growth rates are used to arrive at two different penetration rates lor 
The low Se superconducting generators. The estimated yearly industry J™"*^ 5 
are shown for each year and are based on the introduction and penetration ^J^^^t^L 
ings estimates are displayed for high, average, and low savings scenarios. An e f^ ma ^ ft ^ Th ' c early 
SLtry development cost which would apply to either introduction r ^^ n ^.^ s ^ ns 
methods and judgments used to arrive at these input values are described m following subsections 

Table 6.2-2 illustrates the economical comparison oi high-voltage ^! c ^ d ^^Z & Zh 

Tbe ,..« of ,«um. .h« breakeven years, and .»« ^^^^tHlS^lES 

^^^^ 

tion in the 1990's is little improvement on the economic benefit of *^J^ 0 ,S^wheiher 
voltage superconducting technology. These results are o primary interest to help establish wne 
follow-on effort should be recommended for the high-voltage generator. 
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The sensitivity of the rate of return percentages to the high, average, and low cost savings estimates 
is shown in Tables 6.2-1 and 6.2-2. Figure 6.2-1 illustrates a sensitivity study where either develop- 
ment costs or savings are varied, with the other value held constant. Figure 6.2-1 demonstrates the 
sensitivity of the rate of return percentage to variations of the development cost estimates The 
curve forms can be generally described by the analytical model shown in the figure 
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Figure 6,2-1. Typical Sensitivity Study for Variations in Development Costs and Savings Esti- 
mates 
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6.3 GENERATOR INTRODUCTION AND PENETRATION RATES 

To arrive at the estimated yearly savings from using low-voltage and high-voltage superconducting 
Lnerators i was necessary to establish the number of units which could be expected to be added 
E ; the SiJ^during the study period from 1986 to 2020. This task was accomphshed w.th 
the methodology outlined in Reference 6-1. 

Table 6 3-1 defines two domestic utility load growth rates. Based on these growth rates, the jmtici- 
oated added generator capacity for each five-year period is calculated. The low growth rate scenario 

conideriDg the 1% electrical growth rates recorded during the last two 
yeLs aT*e large number of units shipped by manufacturers which have not been insulled this 
LeTario represents a reasonable estimate of total new business installed capacity for a. .leas, the 
n?xM0 years The medium or high growth rate scenario is more optimistic. However, it us still 
coSiaerabrbeloJ the 4.2% per year growth rate recently published in Reference 6-2 The results 
oTfi^oao^i^ are very sensitive to the magnitude of the growth rate used For example, 

growth rate forecasts are significantly lower than the historical 7% per year 
hal £lm£c£» ™LJ<i The number of installed units and thus the potential savings durmg the 
yetrs 2 ToO Z>ugh 1 2020. The lower growth rates have also reduced the manufacturers' anticipated 
business level Thus available development funds to address new technology projectt are 
S^Sti^Sn in the past. The need for larger rating sizes, where superconducting genera- 
tor technology appears to have a significant advantage, has v,rtually disappeared. 
The averaee added equipment capacity entries in Table 6.3-1 are calculated by starting with the 
If iSS Z^tZc^y in' 1980 (from Reference 6-3). ^ «^ f « ^JS^^ 
vear oeriod are calculated from the percent growth rates shown. It is assumed that 90% of the toUd 
Sea capacity Usteam and gas turbine equipment. Five-year added capacity values are obtained 

T^SS^^^i^ from successive period capacities - ? Umatcd s : y ««? u «L 

menu StonUTvataea are added to the 5-year added capacities to obtain 5-year total added equip- 
ment capacS. A yearly average added equipment capacity is obtained by dividing a 5-year total 
added equipment capacity by five. 

Using the yearly average added equipment capacity values and a judgment as to the introduction 
rate of demonstration generators during the development period, penetration scenarios can be gen- 
erated feTtotS^ high load growth rate estimates for both the low-voltage and high-voltage , 
5^^K«^eeononifc««dl». Table 6.2-1 displays the ^^^^J^^. 
rate for the low-voltage superconducting generator using the low growth rate estimate. The intro- 
duction me for the high growth rate estimate is the same. The demonstration or development unit 
ataea^vh* escalated to 1200 MVA ratings to provide the highest estimated savings based on 
^M^^ee*. Penetrations of the low-voltage superconducting generators are elated 
after the 1200 MVA generator size has been reached. The penetration, however, is limited to 70% 
of the total anticipated added equipment capacity during the later years. This limit reflects the pos- 
sibility that not all the total added equipment capacity will be superconducting generator central sta- 
tions. That is, at least 30% will be gas turbines, small cogeneration stations, or other power sup- 
plies which will not use superconducting generator technology. 

The same types of judgments are used to arrive at the introduction and penetration rates t foi : the 
high-voltage superconducting generator economic studies. A review of the .data presented in 1 a- 
bles 6.2-1 and 6.2-2 will show the major differences in the estimates used. The .ntroduc*. on rates 
are delayed based on the development effort starting later. The total penetration is ^.ir : -d to on ly 
50% to 57% of the total added equipment capacity per year during the later years ^his judgrnent is 
based on the possibility that high-voltage superconducting generators will have additiona '"tramte 
that will preclude the higher 70% penetration estimated for the low-voltage "/^^^ 
tors. For example, high-voltage generators appear to be limited to 500 kV If 750 kV and h.gher 
voltage transmission lines are extensively used in the years 2010 through 2020, h.gh-voltag gen- 
erators may not be selected. The physically larger generator sizes required to produce the : same 
MVA rating could also limit the use of high-voltage superconducting generators in the tuture. 
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Table 6.3-1 

AVERAGE ADDED EQUIPMENT CAPACITY 
Low-Growth Scenario 



% Growth 


Year 


Toial 
Installed 
Capacity 

GW 


i 

90% Steam- 
Gas Turbine 
GW 


Added 
Capacity 
5 Yr. Period 
GW 


Equipment 
Retirement 
5 Yr. Period 
GW 


Total Added 
Equipment 

Capacity 
5 Yr. Period 
GW 


Average Added 
Equipment 
Capacity 
GW/Yr. 




1980 


615 


553 










1 

1.5% 


1985 


662 


596 


45 


6 


51 


10.2 


1 


1990 


717 


645 


49 


6 


55 


11.0 


I 


1995 


803 


723 


78 


6 


84 


16.8 


2.3% 


2000 


900 


810 


89 


10 


99 


19.8 




2005 


1008 


907 


97 


10 


107 


21.4 ' 




2010 


1130 


1017 


110 


10 


120 


24.0 




2015 


1266 


1139 


122 


20 


142 


28.4 


I 


2020 


1418 


1276 


137 


20 


157 


31.4 



Medium- or High-Growth Scenario 



% Growth 


Year 


Total 
Installed 
Capacity 

GW 


90% Steam- 
Gas Turbine 
GW 


Added 
Capacity 
5 Yr. Period 
GW 


Equipment 
Retirement 
5 Yr. Period 
GW 


Total Added 
Equipment 

Capacity 
5 Yr. Period 
GW 


Average Added 
Equipment 
Capacity 
GW/Yr. 




1980 


615 


553 










t 

2.5% 


1985 


693 


627 


74 


6 


80 


16.0 


i 


1990 


786 


708 


81 


6 


87 


17.4 


1 

2.8% 


1995 


902 


812 


104 


6 


110 


22.0 





2000 


1037 


933 


121 


20 


131 


26.4 


I 


2005 


1202 


1082 


149 


20 


159 


31.8 


3.0% 


2010 


1394 


1254 


172 


20 


182 


36.4 




2015 


1615 


1453 


199 


20 


219 


43.8 


1 


2020 


1872 


1688 


233 


20 


253 


50.6 
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6 4 POTENTIAL SAVINGS ESTIMATES 

The yea,,, p««kl «!« using high. ^^^^ySll^^^ 

* i o Th«P values were calculated by establishing a preseni worm u7oj u«u 

saving es.ima.es for .he supercohduaing 

account for the following items: 

• Generator cost differences 

• Generator efficiency improvements 

• Transformer cost elimination 

• Transformer losses elimination 

. Equipment costs to ensure adequate generator grounding 
It was pointed out earlier that there are a number of other factors ^^f^^^' 
Lastfcese savings. However, the knowledge available t * assign ^pe ^^^^'JE, by 

in these cost estimates. 

The cost differences between conventional S-"^ of 
tained by a cost estimating process f'^^^^^iM^^ new technology of su- 
the uncertainties in identifying the labor and material costsr nwrvea d Curves similar to 



EXAMPLE OF METHOD USED TO 
ASSIGN HIGH. AVERAGE. AND LOWCOST 
DIFFERENTIALS BETWEEN CONVENTIONAL 
AND SUPERCONDUCTING GENERATORS 
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Figure 6.4-1. 



High, Average, and Low Cost Differentials of Superconducting Generators over 
Conventional Generators 
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Figure 6.4-1 is representative of the approach used to establish the cost differences. The cost 
ainerences obtained from the estimated cost curves axe shown in Tables 6.4-1 and 6.4-2. 
The improved efficiency values were arrived at by the use of a 51270/kW value derived in 
Appendix J. This value of efficiency is a utility's justified investment value in 1985 dollars for the 
savings in fuel during the lifetime of the unit. The efficiency values and generator cSFXtalJS, 
can be added or subtracted to arrive at a single value of savings for the econom" evaiuaJon 



Table 6.4-1 

VALUE TO USERS — LOW-VOLTAGE S.C.G. OVER CONVENTIONAL GENERATORS 
1985 DOLLARS - $1270/kW EFFICIENCY EVALUATION 

High Savings - Based on Low Generator Cost Differential Estimates 



MW 


MVA 


Gen. Cost 
$ x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Total 
Savings 
$ x 10 6 


270 
540 
1080 


300 
600 
1200 


0 

.25 
.7 


+ 1.71 
3.43 
6.35 


+ 1.71 
3.68 
7.05 



Average Savings - Based on Average Generator Cost Differential Estimates 



MW 


MVA 


Gen. Cost 
S x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Total 
Savings 
S x 10* 


270 
540 
1080 


300 
600 
1200 


-2.27 
-2.14 
-2.27 


1.71 
3.43 
6.35 


-.56 
1.29 
4.08 



Low Savings - Based on High Generator Cost Differential Estimates 



MW 


MVA 


Gen. Cost 
$ x 10 4 


Gen. Eff. 
Savings 
$ x 10 6 


Total 
Savings 
$ x 10 6 


270 


300 


-4.66 


1.71 


-2.95 


540 


600 


-4.66 


3.43 


-1.23 


1080 


1200 


-5.29 


6.35 


1.06 



Efficiency £\ Uuation - kW x .005 x $l,270/kW 
(— ) - Negative Savings 



Table 6.4-2 

VALUE TO USERS - HIGH VOLTAGE S.C.G. OVER CONVENTIONAL GENERATORS 
1985 DOLLARS - $1270/kW EFFICIENCY EVALUATION 

High Savings - Based on Low Generator Cost Differential Estimates 



MW 


MVA 


1 

Gen. Cost 
S x 10 6 


Gen. Eff. 
Savings 
$ x 10 6 


Transf. Eff. ! 
Savings 
$ x 10 6 


Est. Trans. 
Cost Savings 
$ x 10 6 


Cost Grounding 
Equipment 
$ x 10* 


Total 
Savings 
$ x 10 6 


270 
S40 
1080 


300 
600 
1200 


-1.8 
-1.2 
-1.5 


1.71 
3.43 
6.35 


1.1 

2.17 

4.34 


2.6 
3.6 
6.5 


- .2 

- .3 

- .4 


3.41 

7.70 
15.29 


Average 


; Savings 


— Based on 


Average Generator Cost Differential Estimates 




MW 


MVA 


Gen. Cost 
S x 10 6 


Gen. Eff. 
Savings 
$ x 10* 


Transf. Eff. 
Savings 
S x 10* 


Est. Trans. 
Cost Savings 
$ x 10 6 


Cost Grounding 
Equipment 
S x 10 6 


Total 
Savings 
$ x 10* 


270 
S40 
1080 


300 
600 
1200 


-4.28 
-3.91 ' 
-4.91 


1.71 
3.43 
6.34 


1.1 

2.17 

4.34 


2.6 
3.6 

6.5 


- .25 

- .38 

- .76 


.88 
4.91 
11.51 


Low Si 


wings — 


Based on Hi 


gh Generator Cost Differential Estimates 






MW 


MVA 


Gen. Cost 
$ x 10 6 


Gen. Eff. 
Savings 
S x 10 6 


Transf. Eff. 
Savings 
$ x 10 6 


Est. Trans. 
Cost Savings 
$ x 10* 


Cost Grounding 
Equipment 
$ x 10 6 


Total 
Savings 
S x 10 6 


270 
540 
1080 


300 
600 
1200 


-6.80 
-6.68 
-8.44 


1.71 
3.43 
6.34 


1.1 

2.17 

4.34 


2.6 
3.6 
6.5 


- .25 

- .5 
-1.0 


-1.64 
2.02 
7.74 



Generator Efficiency Evaluation 
Transformer Efficiency Evaluation 
(— ) — Negative Saving 



KW x .005 x 51,270/KW 
KVA x .95 x .003 x $1,270/KW 
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Tables 6.4-1 and 6.4-2 show the calculated cost adders and savings for the low-voitage and high- 
voltage superconducting generators, respectively. High, low, and average estimates are displayed 
The efficiency improvement evaluations used in the estimates are shown at the bottom of each ta- 
ble. The capital cost savings of the transformer elimination was set equal to the cost of four single 
phase transformers (three active and one spare). This cost value may be somewhat high but it is 
consistent with an assumption of high transformer availability potential which the high-voltage sen- 
erator will have to match. 

The results of the savings calculations shown in Tables 6.4-1 and 6.4-2 are plotted in Figure 6 4-2 
This curve shows high evaluated first cost savings that are of the same order of magnitude that pre- 
vious studies have shown. However, the values are tempered by the potential for low or medium 
savings if the generator cost differences are ultimately found to be higher. The potentially greater 
savings using high-voltage generators appear to be dramatic. However, as pointed out in Sec- 
tion 6.2, when a full economic analysis is performed using estimated development costs and sav- 
ings, the rate of return benefits for the high- voltage generator are not significantly greater than for 
the low-voltage superconducting generator. 
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Figure 6.4-2. Potential User Savings (1985 Dollars) of Superconducting Generators over Con- 
ventional Generators 
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6.5 DEVELOPMENT COST ESTIMATES 

The long-term costs to develop superconducting generators are required to perform the economic 
analyses In previous studies, these costs were not addressed. In this report, simplistic and subjec- 
tive estimates of these costs have been made. The cost values used in these analyses are based on 
the expenses required to develop and install the first 300 MVA low-voltage superconducting genera- 
tor at the TV A Gallatin station planned for completion in 1985. It has been estimated that the 
development costs of this project will be S33 million (Ref. 6-4). Additional considerations include 
the estimated introduction rate of superconducting generators and the participation of two or more 
domestic manufacturers in the development effort. Table 6.5-1 shows the assumed development 
effort based on the introduction rate of low-voltage superconducting generators and the yearly 
development funds used in the economic analyses. 



Table 6.5-1 

DEVELOPMENT COST ESTIMATES 
LOW -VOLTAGE S.C.G. 



Year 
1985 



Introduction 

Rate 
1-300 MVA* 



Total Dev. 

Cost 
$33 x 10 6 



Yearly Dev. 
Expense 



86 
87 
88 
89 
1990 
91 
92 
93 
94 

1995 
96 
97 
98 
99 

2000 



2-300 MVA 



2-600 MVA 



2-1200 MVA 



66 x 10 6 

70 x 10 6 
80 x 10 6 



12 x 10< 
12 
12 
12 
18 
18 
18 
18 
24 
24 
18 
12 
12 
6 



$216 x 10 6 $216 x 10 6 



Development Costs Assume: 

1. Two domestic suppliers will participate and be supported by utility 

development funds. 
2 Participating utilities will require backup conventional generators 

to ensure reliability and availability until S.C.G.'s are proven, 

or the costs reflect the expense associated with the new product 

learning curve. 



The cost of the TV A Gallatin S.C.G. (1985 shipment) has been used to gauge 
development costs estimates. 
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The development cost estimates following the introduction of the first 300 MVA superconducting 
generator may appear to be high. However, they address the concern for the industry's require- 
mem to have high reliability and availability performance. It is questionable whether any individual 
utility could afford to accept an advance design concept such as the superconducting generator 
without having a backup conventional unit to cover contingencies. The development costs also 
reflect the following considerations: 

• Jwo or more manufacturers will be participating and will be supported by utility development 
funds. 

• Startup manufacturing costs will be significantly higher than the mature cost estimates used in 
the economic analyses. 

• Expenses involved with the new product learning curve will occur. 

The development expenses estimated for the high-voltage superconducting generator were arrived 
at using an even a less-well-defined subjective judgment. The yearly development costs are 
displayed in Table 6.2-2. The high-voltage generator development costs were obtained by multiply- 
ing the low-voltage generator development costs by 1.5 and extending the development effort over 
a longer period to reflect the delayed introduction rates. The significantly higher development costs 
tor high-voltage superconducting generators reflect the following considerations: 

• New high-voltage stator technology developments will be required. 

• Low-voltage superconducting generator development effort will have to be carried on in paral- 
lel m case a critical problem with the high-voltage generator is defined during the develop- 
ment phases. 

• New and expensive manufacturing facilities will be required to produce high-voltage genera- 
tors and to test their electrical insulation integrity. 

Although the development costs defined in this study were not arrived at by a rigorous analysis 
they do provide a basis for a better understanding of the overall economic analysis. That is for a 
project to be viable, it must have a great enough potential savings to recover the anticipated 
development costs. 

In this study, total industry development funds spent or committed before 1986 were not used in 
the economic analyses. Even though these expenses amount to S48 to S55 million, they play no 
part in the decision to commit further development funds. 

An examination of the estimated required yearly development costs from 1986 through 2000 for 
both the low-voltage and high-voltage superconducting generators reveals very high investments. 
These investments are much greater than the industry manufacturers can afford to make, based on 
the anticipated businesss level over those years. Thus, if the introduction rates of superconducting 
generators used in this report are to be realized, a large portion of the funding will have to be sup- 
ported by the electrical utilities through EPRI or government agencies. 
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Section 7 

FINAL DESIGN RECOMMENDATION 



7.1 FINAL RECOMMENDATION 

The conclusion of this study is that, although there are possibly a number of high-voltage supercon- 
2^£SS£coL»ptuJl designs which may prove to be technically feasible onryone concep- 
tu^esii has the potential of being proven both technically and economically feasible. 
The hi*h-volta R e stator winding concept which was selected as having the best characteristics and 
SSJ^LXJEEce- is *e monolith cylinder armature. The design deta* and stud.es Per- 
formed on the monolith cylinder armature are described in many sections of this report. A bnef 
summary of its characteristics and limitations are listed below. 

. The armature is constructed of concentric cylinders of insulation and winding conductors com- 
pletely bonded together into a single module. 
. Many hundreds of winding turns are required in the monolith cylinder armature, as well as in 
anv hiRrvoltSe Mature Each conductor is insulated with only turn-vollage insulation as 
compared to Z A ground insulation that is applied to each of the several dozen conductors 
in a conventional generator. 
• The stator winding uses a fully helical coil construction which ^^J^^^^c- 



ing. TZ^^^^^o^ greater mechanical mtegrity ^n winding 
designs which have bends or discontinuities that can produce mechanical stress 
concentrations. 

The winding uses the two-circuit delta winding arrangement, which provides a uniform volt- 
« baaing crcumferentially around the winding. Phase-break insulation therefore ,s not re- 
aulrSl and f each tu n requires only sufficient insulation to withstand local turn-voltage stresses. 
T^eS^SJ.^hlgh a material utilization as any of the other high-voltage generator 
concepts studied, or higher. 
. The uniform voltage grading provided by the two-circuit delta winding ; also 
cal electrical creepage and puncture stress concentrations wh.ch most other ^-voltage J^tor 
windings exhibit Thus, calculated electrical creepage and puncture performance based on 
analytical studies should provide good correlation with actual performance. 

. The insulation material proposed for the insulation cylinders is ^^^^^ 
lose oressboard impregnated with a dielectric fluid such as transil oil or Freon. This material 
SEeS^SSS on the judgment that no other known material ^^iS^S^ 
ally be expected to provide successful long-term performance operating at the high ^tetncal 
picture and creepa'ge stresses identified in this study. The ^^^^Si 
tern assures that all voids resulting from assembly operations or f™i cracks J*™* 
ing forces or thermal expansion forces will be filled with dielectric fluid. Thus, incipient elec 
trical insulation damage due to ionization in voids will be minimized. 

. Th, Insulation cylinder thicknesses are designed for 50 V/mil ^^^^JS^ 
limit as applied to the inner and outer insulation cylinders results from finite <*^' "J*^? 
Xh sho'w that surface electrical creepage stresses in the armature en I region «n ery sensi- 
tive to the insulation cylinder thicknesses. Since the cen J^Scd* 
tween the inner and outer conductor layers, is not subjected to this ^ W~™£tiiis 
creepage stress, it could be speculated that a higher dielectric stress might be used for this 
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cylinder. However, until test data are obtained to show that very thick impregnated press- 
board material wiil operate at higher dielectric stresses, it was considered prudent to size this 
cylinder at 50 V/mil. 

• Cooling of the armature winding, core, and insuiation cylinders is performed by a once- 
through dielectric fluid flow system. Cooling passages are formed into the core and insulation 
cylinders as they are assembled. The armature winding uses stainless steel tubes interspersed 
between the conductors to provide the cooling passages. 

• The maximum practical voltage rating appears to be 500 kV. Higher voltages (750 kV and 
up) will require very thick insulation cylinders and special design features to hold the electri- 
cal creepage stresses to a level that can be controlled with present-day technology. Shipping 
problems and poor space utilization will render these ultra-high-voltage generator designs 
uneconomical. 

• A methods analysis of the manufacturing operations required to assemble the monolith 
cylinder armature indicates that the operations can be performed. However, the operations 
are significantly different from present operations used on conventional generators and antici- 
pated to be used cn low-voltage superconducting generators. Completely new manufacturing 
facilities and processes will be required to introduce the monolith cylinder armature. 

• Electrical faults occurring within the body of the winding, whether they are the result of turn- 
to-turn shorts, major ground insulation shorts, or phase-to-phase shorts, will force the com- 
plete winding to be scrapped. Due to the bonded module construction, it is not considered 
practical to attempt to repair an internal electrical fault. 

7.2 JUSTIFICATION FOR SELECTION OF THE MONOLITH CYLINDER DESIGN 

During the conceptual design phase of the program, a number of different design concepts were 
studied in sufficient detail to assess which designs had the best chance of being proven technically 
and economically feasible. The basic design concepts that were studied included the following: 

• Monolith Cylinder Armature 

• Spiral Pancake Armature 

• Salient Pole Armatures 

— Three-pole (magnetic poles) 

— Six-pole (magnetic and nonmagnetic poles) 

• Integral-Insulated Phase-Belt Armature - Taped System 

• Integral-Insulated Phase-Belt Armature - Coaxial System 

• Toroidal Winding Armature 

Preliminary design evaluations eliminated the salient pole designs and the toroidal winding design 
for a number of technical and economical reasons. For example, the salient pole armature with 
three magnetic poles would produce unbalanced forces on the rotor of a magnitude that could never 
be tolerated. The salient pole armatures with either six magnetic or nonmagnetic poles and the 
toroidal winding armature were identified as having very poor space utilization, high electrical 
losses, and high reactances. Rough first-cost estimates of these designs indicated that they could 
not compete economically wi» conventional generators and, especially, low-voltage superconduct- 
ing generators. Thus, these designs were dropped from further technical evaluations. 

The major challenge of the early part of the Phase II effort was to perform the necessary evalua- 
tions to establish which of the following design concepts had the best chance of being proven tech- 
nically and economically feasible: 

• Monolith Cylinder Armature 

• Spiral Pancake Armature 
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. Integral-Insulated Phase-Beit Armature - Taped System 
. Integral-Insulated Phase-Belt Armature - Coaxial System 
The integral-insulated phase ? elt 

generated during the contract period .^ e J^l^^ b ^ m that had been previously 
peared to drastically reduce the electrical creepage^ stres .prom models wefe made of 

identified in the monolith c V liQd « ^'l^ were practical and whether the 

£c^^ 

STS. designs were eliminated from ^ ~ j ■ _ ndation selection 

Based on the design eliminatior > process > armature. Although the 
was made between the monolith cylinder Zl^ukctL due to its continuous-winding 

spiral pancake armature was judged to be the eas«es r to man of meeting the ultima te 

construction, a number of problems which p d ^"^i were identified. The major concerns 

technical and economical high-voltage generator requirements were 

are listed below. signincant , v greater than for the monolith cylinder anna- 

• Insulation volume requirements are signincamry 8 r «« 
tule producing units of considerably larger dimensions. 

u k i. «^mhlies with their dielectrically sharp edges produces very 
. The use of separate phase-belt ^»**£™™ a ta tne major insulation sections. 

than on the monolith cylinder design. 
. The use of eurved, spir.. I^^ESS^^ZttSS-* 

. No sa.isf.cor, «*. concept -VT^^^ 
The use of continuous turns and the te£ ™ Th. outermost turns of the 

tion in mechanical integrity might be expected. 
Mter review*, of - the advances 

sr^:^ - " ,eMive ~ ent 



program. 
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Section 8 

RECOMMENDATION FOR FOLLOW-ON EFFORT 



8.1 INSULATION TESTING PROGRAM 

It is expected that a satisfactory design for the high-voltage armature can be ^achieved by using eel- 
u ose pressboard and transil oil as the principal insulation system. A cons.derable background of 
high voltage transformer technology is therefore applicable for design ^PO^H^m^^ 
point residual differences between the insulation systems of transformers and high-voltage arma- 
tures must be taken into consideration. 

In high-voltage power transformers, the dielectric barriers surrounding the high-voltage coils are 
formed from concentric pressboard cylinders that encompass annular regions of transil oil. The 
mrae of The pressboard cylinders is to partition the oil regions into annuli that are thin enough to 
b^dielec° icaSy manageable Pressboard is also used to form the walls of annular cooling ducts. In 
IhvwSon, the total oil thickness is usually greater than the total pressboard thickness, and 
to electric stress in the pressboard is about 60% less than that in the oil, due to the difference m 
dielectric constants. 

In the monolith cylinder high-voltage armature, pressboard is laminated to form the 
cylinders and the oil annuli found in the transformer insulation system are eliminated. The press- 
bS must be stressed to at least 50 V/mil to obtain reasonably It 
stress £ perhaps two times higher than that encountered in normal transformer practice, although it 
rj£Kii for many oil-impregnated paper-tape applications. Also, the 
ation cylinders are required to be from 4 to 8 in. thick each, and practically no experience exists 
for tie appLtion of such thick pressboard insulators at the required dielectric stresses. 

Therefore, although the development of high-voltage armatures can be ^™«^*;j* n ^£ 

able confidence provided by using existing transformer technology, it would be 

P any such development with a limited backup testing program. A testing program might be d.v.ded 

into two phases: 

• Uniform field tests on thick pressboard sections at 60 Hz and impulse voltages 

• Mockup winding tests 

Tests to obtain electrical creepage data would not be necessary if it is assumed that transformer 
technology is directly transferable for electrical creepage. 

A more extensive testing program would be necessary if an alternative fluid impregnant such as 
Freon* were proposed. Electrical creepage tests would here be necessary. 
8.1.1 Dielectric Tests for Pressboard and Transil Oil 

Uniform field tests can be performed by placing sheets of pressboard between lar je 02in.- 
diameter) contoured disk electrodes. Data can be obtained by running teste at a series of 
thicknesses and plotting the dielectric properties of interest as a funct.on of thickness. The d.elec- 
trie properties which could be determined are: 

60 Hz: Corona inception stress 
Breakdown stress 
Loss tangent 
Impulse: Breakdown stress (both lightning 

and switching surges may be necessary) 



• E.I. DuPoni De Nemours & Co., Inc. 



8-1 



It would be desirable to test thicknesses over a range from 1/4 in. to 2 in. Tests of 3 to 6 samples 
at each point would be desirable to obtain adequate statistics. The 60 Hz breakdown strength of a 

2 in.-thick sample might be as high as 500-1000 kV, so large test equipment is implied. To make 
the testing program cost-effective, it may be desirable to trade off the maximum voltage capability 
against the cost of operation of available test equipment. Whatever data are acquired can be extra- 
polated to thicknesses greater than those tested. 

8.1.2 Dielectric Tests for Pressboard and Freon 

Freon may be a more desirable dielectric fluid than transformer oil because of its better cooling 
properties and its nonflammability. Freon 113 is finding increasing application in vaporization- 
cooled transformers as a combination dielectric fluid and coolant. In the transformer application 
the transformer heating boils the Freon fluid, and the Freon vapors are cooled, condensed and re- 
turned to the transformer tank. The boiling point of Freon 113 is only 46 °C, so the Freon is pres- 
surized at about 2 atmospheres to raise the boiling point. In an application to a high-voltage arma- 
ture, vapor generation is not desired because the generated vapor bubbles must surely lower the 
dielectric performance of the fluid. Therefore, further pressurization would be required to raise the 
boiling point above the armature hot-spot temperature. If the armature hot-spot temperature is 
limited to 90 C, a desirable Freon 113 boiling point might be 100 °C, and a pressurization of about 

3 atmospheres would be required. If pressurization is deemed to be unattractive, other Freon for- 
mulations having boiling points above 100 "C are available, although they are considerably more 
expensive. 

The uniform field tests described in Section 8.1.1 could be repeated for the selected Freon fluid us- 
ing identical electrodes and test voltages, and operating at a suitable combination of pressure and 
temperature that would simulate the generator environment. If the results of the uniform field 
tests are favorable, preliminary electrical creepage data in pressurized Freon should be obtained to 
establish its creepage capability compared to transil oil. For preliminary comparison, a standard 
creepage fixture consisting of two circular electrodes placed on a sheet of pressboard could be used 
Creepage strength as a function of electrode spacing would be measured in the pressurized Freon 
and the results would be compared to identical measurements made with transil oil. 

8.1.3 Winding Mockup Tests 

Additional dielectric data can be obtained by testing mockups of the monolith cylinder armature. 
Armature components, or mockups of components, could be constructed for testing to the limits of 
tailure. Such tests would provide dielectric breakdown information for the dielectric configurations 
of the actual armature. Construction of the mockups would also provide experience in component 
fabrication and armature assembly, The types of tests which could be proposed follow. 

1. Phase-Belt Creepage 

A short section of one phase-belt could be placed between two sheets of pressboard. The 
pressboard sheets would be flat simulations of the insulation cylinders that encompass a con- 
ductor layer. The 60 Hz turn-to-turn voltage gradient could be established by an external ca- 
pacitor ladder network and the voltage would be incrementally raised until creepage failure oc- 
curs. Similar teste could be made with impulse voltages. 

2. End- Winding Creepage 

A mockup of the monolith cylinder end region could be constructed for the purp-._ of estab- 
lishing the strength of the electrical creepage paths running from the series loops along the 
surfaces of the insulation cylinders. The same mockup could also be used to test the type of 
creepage barriers described in Section 2.5.1. Similar tests could be made with impulse volt- 
ages. 

3. Insulation Cylinder Breakdown 

By arranging two winding mockups at an angle across opposite sides of a flat sheet of press- 
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^trr insulation cylinder can be simulat- 

tests proposed in Section 8.1.1. 

at vt fcTRIC MODEL SUPERCONDUCTING 
8.2 MODEL STATOR FOR THE GENERAL ELECTRIC MO 

ROTOR „„i-»d a loaical continuation of this 

After a reasonable » ^m^^^-— r M VA^ E ' K " 

XrSfmoXou,d be desUnedt. op^te » f ° , linkas e — from 

14 MVA The reduced volt-ampere rating reOects me P mMttues a comparison between 

low- and high-voltage model stators tor 
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Appendix B 

COIL SHAPE FOR MONOLITH CYLINDER WINDINGS 



minimize the bearing span length of ^thes upe rco nauc " n * hat the coUs must con . 

cylinder air-gap winding are not confined to ^ sSht sections over the length 

form to the conventional turbine-generator % 0 f^°\%^^^t improved coil 

as^^ flux produU ,en8th - auow " 

ing smaller overall winding lengths. 

The terminology is iiius^ed ,nF„u re B-1. ^^^T^^l^l^ 

hanging outside of the active flux region. 
The open-circuit induced voltage of a fully pitched coil is 

4 -Jl L t \ ~ L 

V e -J2rBU s -2L e +2 L 0 ) + 



IT 



r B cos | -y 



(Bl) 



where , is the winding radius and * is ^^^^^'i^^ Set^volt- 

inner and outer conductor layers lying at different radi, r ^ JJJ 

age is proportional to the number of turns in a phase belt times tne con on g 

V,aNV c (B2) 

The number of turns in a phase belt is proportional to the peripheral breadth of a phase belt. A, 
divided by the conductor pitch, p: 

(B3) 




Figure B-1. Coil Shape Terminology 
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The conductor width, >v, is related to the conductor pitch, p. by the end arm geometry. Figure B-2 
illustrates an end arm geometry where the conductors are tightly packed in the end regions, and it 
is seen that spaces appear between the conductors in the straight section. The conductor pitch is 
related to the conductor width and the helix angie, y, by 



cosy 



(B4) 



The term cosy is called the packing factor because it is a measure of how many conductors can be 
packed within a phase-belt periphery. The packing factor is related to the end arm geometry by 

cosy - —===== (B5) 
V 4L t 2 + r 2 <* 2 

The terminal voltage now becomes a product of the coil voltage and the packing factor: 

V, a ^ V c cosy (B6) 

The machine rating is the product of the terminal voltage and the terminal current, 

MVA a V t I -•■ (B7) 

and the terminal current is a function of the conductor current density, J, conductor width, w, and 
conductor height, h t by 

/ - Jwh (B8) 

Substitution of Equations B6 and B8 into Equation B7 yields an expression for the machine rating: 
MVA a JhLV c cos y 



a JhL \L s -2L e + 2L 0 + ~ L f cos y j*- 



V 4L? 4- r 2 7T 2 



(B9) 
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•.v, r ™h i ;« illustrated in Figure B-3, with L t forming the abscissa 
The variation of die rating w ; th n ^ nC L^ ^"^ o f cur ren?density and dimensions are assumed 
and I, forming the family of ^^.^^Tllt^ are used. The effect of increasing 

voluge thile Increasing the packing factor. Since the rat- 

advantageous to build a fuUy heh '* ™„ "f ~" d . _ ay b £ pre ferred to build coils having longer 




30 qo » CO 

End Arm Length, L e> inches 

Figure B-3. Variation of Rating with End Arm Length and Overhang Length for Fully Pitched Colls 
with Constant Bar Dimensions and Constant Current Density; r = 25 in., L, - 100 In. 
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ing lengths can be achieved by bringing the end arms inside the rotor flux region, the curves show 
that a winding with a 10 in. overhang and a 49 in. end arm length is superior to a winding having a 
30 in. overhang and a 30 in. end arm length (a geometry conforming to conventional turbine- 
generator design). 

The effects of variations in the end winding geometry can also be demonstrated with respect to 
winding space utilization. The cross-sectional area of the conductor layers, A ei is proportional to 
the product of the peripheral breadth of the phase belts, A, and the conductor height, h: 



The proportionality of the conductor layer area, keeping the rating and conductor current density " 
constant, is just the inverse of the proportionality of Equation B9. That is to say, for a constant rat- 
ing, optimal coil shapes produce minimal conductor layer areas and, therefore, the most compact 
winding structures with respect to cross-sectional area. 



A c a Ah 

By rearranging Equation B9 and substituting into Equation BIO, it is seen that 
MVA 



(BIO) 




(v-M. + U. + ^«jf£)) 



(BID 
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Appendix C 

120- PHASE-BELT WINDINGS AND ROTOR VIBRATORY FORCES 



120' phase-belt delta and the 120' phase-belt graded wye)_ ' ^ * , feduced of 

belt is that the electrical creepage across the bread* °^ h ^J-b e H t,ndii<s are both single- 
the 120' phase-belfs greater per.ph.,. J"^ f' d {Jjj conduc ,o« as the 60' phase-belt 

To Its decent, a ,20- phase-bel, '"."^SS hoTe ve"„ ££S iSV 

by even ^-^'TuV^^^^ — * 

The' ~r"„ d ; JSbSTSS. inner layer, described to the H» harmontc . 

Core Inner Surface 




Figure C-1. 



Cross-Section of a 120° Phase-Belt Winding 
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~B aw = -a r B y cos (w t—9) -~a B B\ sin {wi—9) 

-a* 9 -^1 sin («/+2fl) -T 9 -?p sin (w ' -4e) 

_^^f. sin(w ,+5e) (C9) 
Substitution of Equations C7 and C9 into Equation C8 gives 

P - -a, ^ ; 

+7t , h*L cos{ 2o, l+ e) -T. ^ sin (2.H*) + a, <**«^"> cos (2*,-H» ^ 

+7C cos 

+ cos 3fl _^ i^i sin 3fl 

+•£ |M» + Mi] cos (2»f+4«) sin C2-/+40) 

Ml cos (2a,/-50) -"S; -M- sin(2*)/-5e) 

+ _. U 2 B»+J s B 2e ) (2w<+7e) 



+ -^Mll C os (2«f-8e) 



J * B »+ JsB « cos 90 ^ 

+-? r i^» eo.(2.H-lM) (C10) 

The pressure expression is grouped into dc, fundamental, and harmonic components with respect to 
the peripheral angle 6. The dc component produces a compressive hoop stress on the sn, e w - Tne 
harmonic components want to deform the shield into various harmonic noded ellipses, which 
should be no problem for a shield designed to withstand short circuit forces. However, the funda- 
mental components produce an offsetting force, a force wanting to pound the rotor against its bear- 
ings. Figure C-3 illustrates the fundamental component pressure distributions that produce 
offsetting forces. The offsetting forces can cause potentially damaging vibration that would be 
transmitted to the stator and foundation, so it is necessary to investigate further. The otlsetting 
pressure distribution is 
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i ft J B 

"p - a* cos QcjH-0) -"a* -V^ sin 

T 2 * 



^fltt+ys*^ cos (2«f+fl) (Cll) 
r 4 

A change into x-y coordinates is accomplished by the transformation 

\ F '\ - ( cos 9 - sin 6 \ [ P A (C12) 
i/»,j isin 9 cos 0 J |/»,| ' 





Figure C-3. Pressore Distributions Producing Offsetting Forces 
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which yields 



-fly 



— - — COS 2tot -s cos 2cj/ H COS K2u t~r29) 

2 5 o 



sin 2w/ H sin 2w/ sin (2w/-r20) 



8 



8 
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The total force on the rotor is the integral of the pressure over the area of the shield surface: 

"F-ff Tr s d9dz , (C14) 

O 0 

where L is the active length and r s is the shield surface radius. The force is therefore 

J*B $ $ +J$B 4* 



F =- a x irr s L 



J 2 B X + 



cos 2wi 



— a y rrr s L 



JiBx + 



J4B $g~rJ <B40 



sin 2u)t 



(CIS) 



Recalling that 



gives 



B2$ B A9 B$ e 

Mo Mo Mo 



-a* 



B\B20 



BaqB$& 



cos 2o>/ 



sin 2to/ 
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It is seen that the force rotates at twice frequency in a direction that is opposite to the rotation of 
the fundamental armature flux. The force is composed of two interactions: between the fundamen- 
tal and second harmonic, and between the fourth and fifth harmonics. 

Expressions for the magnetic flux magnitudes at the outer surface of the shield are contained in 
Table C-l, separated into contributions from the inner conductor layer and the outer conductor 
layer. These expressions were obtained from solutions of Laplace's equation in the air region be- 
tween the perfectly magnetic core and the perfectly conducting rotor shield, with the armature con- 
ductor layers modeled as thin sheets. 

The rotor forces will be calculated for a sample machine rated at 1200 MVA, 500 kV. The per- 
tinent dimensions of this machine are listed in Table C-2. Numerical values of the magnetic flux 
magnitudes are listed in Table C-3, and calculations of the force magnitudes are listed in Table C-4. 
It is seen that the fundamental and second harmonic interaction contributes the largest component 
to the force magnitude. 

The n magnitude of the rotor forces could be reduced considerably if the second harmonic flux could 
be eliminated. Examination of Table C-3 shows that the magnitude of the second harmonic flux 
produced by the inner conductor layer is larger than that of the outer layer. It would be desirable 
to be able to raise the second harmonic flux of the outer layer to exactly cancel that of the inner 
layer. This can, in fact, be accomplished by inserting spacers between the phase-belts of the outer 
layer, as illustrated in Figure C-4. New expressions for the flux magnitudes can be written in terms 
of the outer layer phase-belt span, a, and are contained in Table C-5. 
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Flux 
Harmonic 



Table C-l 
MAGNETIC FLUX MAGNITUDES 
(teslas) 

Contribution 
from Inner Layer 



B 4 



Contribution 
fmm Outer Layer 

(-3V3 Jj_ So +r *. 



I -3V3 j 

( W3 ji^i 



5 



50 



, - conduc.0, W e, cuaen, ««•». <— *" h 

r - rotor shield surface radius, m 
r - average radius of inner conductor layer, m 
r. = average radius of outer conductor layer, m 
r - core inner radius, m 
. ,\ - lili dgi g onnBEjnde»^ conductor layers, m 

Lii^-i* trf . r <o , so that the total current in the .nner 

NOtC: h ' otal^ent in the outer layer. 



Table C-2 
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Table C-3 

NUMERICAL VALUES OF MAGNETIC FLUX MAGNITUDES 

(teslas) 



Flux 


Contribution 


Contribution 




Harmonic 


from Inner Layer 


from Outer Layer 


Total 


B } 


0.179 


0.170 


0.349 


Bib 


0.1082 


-0.0892 


0.0190 


Ba» 


-0.0327 


0.0171 


-0.0156 


B& 


•0.0206 


-0.0083 


-0.0289 



Table C-4 
FORCE MAGNITUDES 



Interaction of first and second harmonics 


32,600 newtons — 


7,330 lbs 


Interaction of fourth and fifth harmonics 


1,109 newtons = 


249 lbs 


Total 


33,709 newtons * 


7,579 lbs 



The second harmonic flux can be eliminated by adjusting the outer layer phase-belt span, a, so that 
the second harmonic flux of the outer layer exactly cancels that of the inner layer. From 
Table C-5, the mathematical requirement for this condition is 

J*to . (C17) 



^y,,,lL±^_V2-^ 



2V5 



Substituting 



J i "5 and t 0 « — r, 

* at r rt 



3 a 10 ~~ 7~ (C18) 

(the requirements detailed in the note to Table C-5), and rearranging terms, Equation CI 7 
transforms to 



sin a 



9V3 
8ir 2 



r c r t r c 



(C19) 



a* Sir* r{- r 0 4 + r c 4 
A value of a is easily determined by trial and error, and for the present numerical example, 

a = 112.47 degrees 

The spacers inserted between the phase-belts of the outer layer subtend 7.53°, which certainly re- 
quires no great sacrifice in terms ui he winding's space utilization. Electrically, the spacers would 
be the most lightly stressed insulation in the winding structure. 

Numerical values of the magnetic flux magnitudes for the modified winding are listed in Table C-6, 
along with force magnitudes in Table C-7. It is seen that the modification has increased the flux 
magnitudes of the fourth and fifth harmonics, and consequently the fourth -fifth force component. 
However, the total force is much lower. This force amounts to an unbalance of .004 kg, or 
0.009 lbs, at the surface of shield, as determined from the relationship 

F-m<o 2 r (C20) 



Figure C-4. Modified 120° Phase-Belt Winding 



do SSS^«ive. A fully helical winding would be the most difficult to ututze, bemg 
equivalent to a winding that is nothing but end windings. 
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Table C-5 



MAGNETIC FLUX MAGNITUDES FOR THE MODIFIED WINDING 

(teslas) 



Flux 
Harmonic 



By 



120 



B 4 



Contribution 
from Inner Laver 



Mo 

2 



3V3 
V2tt 

3V3 
2V2tt 

-W3 



-3 VI 



4»i 

//// 
4', 



r J + r 2 

r r f r t 



10 



10 



Contribution 
from Outer Laver 



Mo 2V2 . a 

T — sin T 



sin — 



— sin 2a 



V2a 



sLd±iL 



2V2 . 5 . 
— s,n T «y o r 0 



r. 4 r;°+r r ' 0 



Note: It is required that r,t, - r o r 0 and /„ = J, 2w/3 l/o so that the total current in the inner layer 
will equal the total current in the outer layer. 



Table C-6 

NUMERICAL VALUES OF MAGNETIC FLUX MAGNITUDES 
FOR THE MODIFIED WINDING 
(teslas) 



Flux . 
Harmonic 


Contribution 
from Inner Layer 


Contribution 
from Outer Layer 


Total 


B x 


0.179 


0.171 


0.350 




0.1082 


-0.1082 


0 




-0.0327 


0.0159 


-0.0168 


Bit 


-0.0206 


-0.0106 


-0.0312 



Table C-7 

FORCE MAGNITUDES FOR THE MODIFIED WINDING 



Interaction of first and second harmonics 


0 


Interaction of fourth and fifth harmonics 


1,289 newtons - 290 lbs 


Total 


1,289 newtons - 290 lbs 



CIO 



Appendix D 

LUMPED PARAMETER CCUTT MODEL OF A HEAT GENERATING SOLID 
Sc. St poses a ^'"C.Vef if to £e« flow is one-dimension* and if on. is onl, 

sss ass sss^HSs 5 ° f ,he h "' ,eM "" n ' ^ " 

be wsily modeled as a lumped parameter arcuit. Actions .nd 

Consider . be.. -lid for ne.. —ft. in 

having a horizontal thickness, t, as illustrated in r 8 

the horizontal direction is ^ _ Q ,„ (D1 ) 



8x 2 * 

tr - thermal conductivity 
WherC Q'» ~ heat generation per unit volume 

x - horizontal coordinate 
T — temperature 



The solution of Poisson's equation is ^ 

T - x 2 + C\ x + Ci , 

1 2k 

where C„ C 2 - constants of integration 

If - „ures a, ed 8 es are idenUc, and e,„.l .0 T. ton to — - * 
line,*- .7 2, is , ,1 (D3) 

and the edge-to-center temperature rise is ^ ^ 

V Now consider the lumped parameter circuit mo^ .^J^^S. % 

?hemS resistances «P'«"^^^^^ center of the solid. The heat 

Z^^^^ n of the entire soBd. 

The thermal resistances are f / 2 < D5) 

R ~~kA ' 

where /< - a«a transverse to heat flow 

and the nodal heat input is (D6) 

q - Q'"tA 



D-1 



If the temperatures at both edge nodes are equal, then the heat input divides into exactly two when 
flowing through the resistances. The edge-to-center temperature rise is therefore 



i' 

Q'" 
k 



(D7) 

m h eth^ 1P ^ tUr r ^ f alculate . d b * the method is exactly twice that calculated by the field 

method Therefore, the circuit model can be employed to gain exact results!?!? J T 7 , 
of the thermal resistances are cut in half when entered into Z Sodel 




Field Model Circuit Mode! 

Figure D-l. Field and Circuit Models of a Heat Generating SoUd 



Appendix E 



The solution of the monolith cylinder t^S^LTJ^S^s 
containing three conductors and four «^^^f an>: one, there must be one more coolmg 
containing any number of conductors. The only consire alternatively stacked in a column 

X Z conductor, and two, the conductors and circuit is illustrated in Figure E-1. 

with the cooling tubes top ^ bottom "° v S ^ n es th ' h e cyHndVr insulation temperatures marked "TINS , 
The inputs to the circuit are the resistor values, the cy ma fQf ^ , tube 

and the coolant stream temperatures marked J^^, 1 ,^ £ven ^^nts of T( ) md,cate a 

temperatures and conductor midline ^J^^Xie a conductor midline temperature. 

cooling tube temperature and «^ _ equations , represente d here in a 

Circuit equations can be written and reduced to 

matrix formulation: 




The notation of the matrix equation conforms to that of the figure excyMh ^ 
"RCrV and "RTWRHD" indicate number of conductors because of 

tively. The matrix formulation is easily [g™ ^bottommost rows are the same for ^a _sys. 
the repetitive nature of the rows in Ae matrix. The top ana ^ giving identi- 

tem of any number of conductors. J^^^^Z conductor temperature **»™»* * 
cal matrix elements centered around the mat ix vector , ^ odd -numbered rows ex- 

unknowns, and the conductor heat ^« '^^"S. matrix is extended to a system of any 
eluding the first and last rows, are also im.lai , constructed rows, 
number of conductors by merely prov.ded enough of the & ^ 

Th. ma tri X formula is solved by substituting numerical values for the entries ana 
"ne SSSZ large systems of simultaneous equations. 

E-1 



TINS 



RHD 
RT¥f| 
OT ► 



QC 



RTW 
RC 

RC 
RTW 



TI11 



RS 

AAA*— * TCP(l) 



TC2) 



OT- 



RTW 
RC 



QC ' 



TO) 



RS 



RC; 
RTW 



T(4) 



OT< 



RTW 



TCS) 



RS 

-VW— ^> TCP(3) 



QC 



OT 



rc: 






T(C) 


> < 


rc: 


j 


RTW J 


> * 




TCT) 


rtw: 


I 


RHD ; 









RS 



LE6END 

RHD - RESISTANCE OF HORIZONTAL DIVIDER 

RTH - RESISTANCE OF COOLING TUBE INSULATION WRAP 

RC - RESISTANCE OF CONDUCTOR HALF 

RS - EQUIVALENT RESISTANCE OF CONVECTION SURFACE RISE 
QC - CONDUCTOR HEAT INPUT 
OT - COOLING TUBE HEAT INPUT 

T( )- TEMPERATURE OF COOLING TUBE, ODD ARGUMENT 

- TEMPERATURE OF CONDUCTOR CENTER* EVEN ARGUMENT 
TCP( )- COOLANT TEMPERATURE 
TINS - TEMPERATURE OF CYLINDER INSULATION (45* C) 



TINS 



Figure E-l.„ Thermal Circuit Diagram 



INDUCTIVE 



Appendix F 

ELEMENT DETERMINATION BY HELICAL FIELD THEORY 



The caption of mutual — -^^^^^^^fo, 
pheral locations will be described T^e helical ^™ iS ^ coi i s within each circuit axe 
each phase. The wo circuits are labe ed A and » , ™ illustrates a developed view of four 
sequentially » n^tf^^^^SL convention of Figure F-1 

helical coils labeled 1A , 2A , in , ana to _ u d the dotted i ine s refer to 

The solid lines refer to coil sides lying on the mner conductor different pe riph eral 

coil sides lying on the outer conductor layer. ^J^J. 2 ^.^ coil sides of coil 1 A lie 
and radial locations. Referring and*,.. Coil 2 is peripherally 

on radii and R u and the ^/^^^^^ m^ the coils IB and 2B, which are 
shifted from coil 1 by the ^ *• Jh e afo radius R} corresponds to the rotor 
shifted from coils 1A and 2A by 180 . The J t uate the rotor shield. The sur- 

£?1SSS "SS SSSK - -ts considered to be perfectly magnetic 

To find the coil mutual inductance, J^^» J^S'^S In STa S IBarfthe 
then to calculate the flux linked by another cod tsay AM currents ^ 

same, so coils 2A and 2B will link the v*"™?^*^ s ™ d ia and solid IB make up a coil 
concerned, it makes no difference to amount of flux linked by the 

and that dotted 1A and dotted IB [J^^^^^S^S^t^ same as the amount of 
two fictitious coils solid 2A - solid 2B an I dotted 2A done _ ^ ^ ^ 

flux linked by the actual coils solid 2A - dot *ed 2 Aa no so ^ 
that it is possible to compute inductances by ■^£ e ^Er co ,, B and the dotted line coils be- 
full pitch. There is no mutual inductance between the soua une co 
cause of the opposite helix directions. 

^J^<£^VJ^tt'£^> — m " b < expressed b " a Fourier 

series: 

(Fl) 



(F2) 



Total axial surface current may then be written as 




(F3) 



Figure F-1. Coil Labeling of a Two-Circuit Winding 
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Figure F-2. Developed View of Helical Coils 



Next, a is necessary to compute magnetic field produced by the currents expressed in Equation F3. 
Since this field analysis is well known, only an outline will be given here. The magnetic field may 
be round as the gradient of a scalar potential which, in turn, must obey Laplace's equation: 



// - - V* 



V J <J> - 0 



(F4) 



(F5) 



The magnetic field and scalar potential have a form roughly the same as the current distribution. 
For each space harmonic component of order n 



*(r,ff,r) - 0(r)sin n(9 - ^) 



(F6) 



Equation F5 may be reduced to a form of Bessel's equation which is solved by 

*(r)-A /„(^) + i(Jf„(iI£, (F7) 
where A and B are arbitrary constants and /„ and K n are the hyperbolic or modified Bessel func- 




• at r - R„ H, - 0 

(F9) 

• at r — R \, H,\,-r x _ H,|,-r 1+ 

(F10) 

• at K - /I i, //«U/«, + - #«U*,_" 

(Fll) 

• at r - K„ i/ 9 - 0 

Equation F7 must be solved twice for the two regions: 

1) R, < r < R\ 

2) rti < r < R r 

F-3 



There are two sets of constants, A and B, corresponding to regions 1 and 2. Combining the bound- 
ary conditions presented in Equations F8 through Fll with Equation F7 and F4, the following ex- 
pression of the constants is obtained: 







0 


0 ' 




A, 




0 




0 


0 


/. ( n \ Rr ) 


K n ( > 




B, 




0 




/;( n ;*'> 




iA nn ( Ri ) 


KA nrrRl ) 




A„ 




0 








/„("•*'> 


KA nvRl ) 




Bo 




R\ 


(F12) 



It is straightforward but tedious to solve Equation F12 using Cramer's rule. The next step is to re- 
constitute the magnetic field by using Equation F9 and Equation F4. Once this is done, the mag- 
netic field is found. For radius less than R u the result is 



nir 2 R 


IA 


nrrR c 
f 


>*;<"*'> 


^ , ***** 


) /; (■ 


f 


2 


/„( 


nirR v 
t 


> K n ( ) 


^ / ""Re 


-> /; ( 


nirR s 
I 



X 



sin ,,(*- *!£.) 



(F13) 

Note that Equation F13 expresses one space harmonic component of the magnetic field produced 
by the inner layer spiral pseudocoil. The complete problem will involve a second set of field com- 
ponents for the coils of the outer layer. Flux linked by a full-pitched spiral coil at radius R 2 < R\ 
will be given by 



, 2m 0 *Ri (D . 

— H rn \RV COS n<f> , 



(F14) 



where <f> is the relative angle between the two coils. This is actually twice the contribution to coil 
inductance, since each physical coil has both inner layer and outer layer portions. Thus the contri- 
bution to inductance is 



2ir f i tt R l R 2 [i] [ 2 ] 

. TZTi 



where 



(11 

(21 
[3] 



13] 
K'„ ( 
/* ( 



cos rnf> 



nnR s 



t 

nirR 



) K ( 



f 



-) K„{ 



nnR: 



nirR | 



)- /; ( 



nirR s 



nirRi 



)- K„ ( 



i 



nirR c 
nnR v 

i 



) K ( 



nirR] 



(F15) 

(F16) 
(F17) 
(F18) 
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,.«o " « »vaiuated for boih . 
: harmonic n includes ; "^uaiion ; f coils . U is neces- 
The complete comncuucn •• ihe comp i ete mductance for a pa.r 

inner and outer layers. Of 

sary 10 sum a number of spa., - 
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Appendix G 

MATHEMATICAL ANALYSIS OF THE VERTICAL DIVIDER FABRICATION 



The top and bottom edges of the vertical dividers in a helical armature describe concentric helices. 
These concentric helices can be formed by twisting a pair of concentric arcs, as is demonstrated in 
Figure 2.9-3. The mathematical foundation for this geometrical relationship is here described. 
Figure G-1 illustrates the geometry relevant to this analysis. The inner helix lies at radius r x and 
progresses 180° peripherally over the axial length L s . The same is true for the outer heiix, which 
lies at radius r 2 . The helix lengths are 



£2- Vi, 2 + fl- 2 r 2 2 
Now consider a pair of concentric arcs at radii r aX and r a2 > where 

fa2 — r a \ ~ ?z — r\ 

a condition required to maintain the divider height. The length of the inner arc is 
and the length of the outer arc is 

£c2 = 0 r a2 ~ 0 (r aX + r 2 - r,) 
The ratios of the lengths are set equal: 

Li ~ L a7 

This condition yields the inner arc radius 



r a \ - 

The outer arc radius is then 
and the peripheral span of the arcs is 




r 0 2 — r a \ + r 2 — n 



(rrr,) 



e - 



(Gl) 
(G2) 

(G3) 

(G4) 

(G5) 

(G6) 

(G7) 
(G8) 
(G9) 




Figure G-1. Concentric Helices Formed from Concentric Arcs 
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The high-voltage superconau; 
theory using a single shell ro; 
tances between the stator and 

STATOR VOLTAGE EQb.\ 



Appendix ri 

METERS FOR THE MATHEMATICAL 
IGH-VOLTAGE GENERATOR 
ERCONDUCTING ROTOR 



.or is modeled with conventional synchronous machine 
--unit model equations are as follows. The mutual induc- 
es and between the rotor circuits are, in general, unequal. 




FIELD VOLTAGE EQUATI' 



MM 



D AND Q AXIS FLUX LINKAu"! EQUATIONS 




A /_y 



1 ' ~.M-fe~> 



Ml .. 

D AND Q AXIS &HELL EQUATIONS 



The^^Utmode. «*.-««...« are given below for the 600 MVA, 345 kV, .9 PF, 60 Hz 
unit modeled. 



a c = .00247 
X d = 2989 
X eU = .0577 
X fU - 0421 
A; = .2989 
0474 



- 1.515 E-8 
X afi - .0577 
X m - .1004 

- .0479 

- -0577 

- 9.4 E-3 



9.4 E-3 
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Appendix I 



TURBINE-GENERATOR MODEL DATA 
FOR SHAFT TORSIONAL STUDIES 



PER-UNIT ELECTRICAL DATA 





6 on V4v A 

u7U XVI V J\ 


o lJ XVI V A 


O7Z M V A 


HV Stator 

COD WVA 




.0044 

171 1 
• 1/11 


.0032 

lO 
• 1Z 


.0018 

IIIO 


.00247 

0A1 


Xgrf 

Xaq 


1.601 
1.598 


1.51 
1.44 


1.6551 
1.6315 


.0577 
.0577 


R/d 
Xf d 


.00095 
.14755 


.00083 
.0571 


.00056 
.0889 


1.51E-8 
.1004 


Rkd 

X u 


.0419 
.1063 


.0229 
.0314 


.0109 
.0553 


.0094 
.0479 


Xkql 


.00343 
.6563 


.00385 
.3025 


.0016 
.328 


.0094 
.0474 


Xkq2 


.0123 
.0682 


.012 
.02174 


.0035 
.0381 




x„ 
x* 

x; 


1.7721 
.3023 
.2306 


1.63 
.175 
.14 


1.787 
.19 
.1653 


.2989 
.2657 
.2287 



PER-UNIT INERTIAS AND SPRING CONSTANTS 





892 MVA 


815 MVA 


690 MVA 


Jl 


.186 


.143 


NS 


J2 


.311 


.230 


.457 


JS 


1.719 


1.328 


1.800 


J4 


1.770 


1.385 


1.804 


JS 


1.738 


1.929 


1.413 


J6 


.0685 


.0226 


.0267 


Kl 


19.32 


12.542 


NS 


K2 


34.961 


22.839 


37.066 


K3 


52.084 


55.196 


59.188 


K4 


70.920 


70.197 


67.562 


K5 


2.825 


1.823 


1.945 


NS 


- No shaft 










I-l 





HV Stator 



.46 
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•^.1 MONETARY VALUE OF y^x.^^ 

' : A^MMte calculating the v^ue of a kilowati of \ l M 

The value of $1270/kW is based on the savings resulting from reduced coal costs over the > 35-yetr } , 

Uft T of the unit This $/kW value was used to calculate the savings of improved genei^^ n - 



■ 1 ■ 

■ ? 



life of the unit This 5/K>v vaiue was uscu w w"wuw« «*w ^ — o- — ■ : ^ - 

^ndes a^dof the eliminaUon of ^eUansform^ losses when. Wg^ 
: generators were evaluated. • jh.^|l;iH-i>t- fe^ .:4iH^^j«J.V'} : »5l-*iS- , t'J - ^-t- • -: 4 

"The' me Aod used to calculate the justified investment value of a $/kW uses heat ratehnprovement • 
iomX ^Teat rate formulas and calculations provide a savtag value as sho^ below: .j ..^ 

Value of heat irate — in plant cost terms (1985 dollars)' ' ■ I' ^ •:'> Al-P " ; - "U-: 

$12.7/kW/% - 14«/kW/Btu 
These heat rate values can be converted to S/kW by the relationships described in the example 
below: . 
Example to identify a $/kW value for a 0.1% improvement in heat rate. 

9 Btu's 

$12.7/kW/% x 1,000,000 kW unit x 0.1% - $1,270,000 

| 1% - 90 Btu's - $141,000/Btu/kW-Hr 

51,270,000 _ SK270,000 _ $i, 2 70/kW 
kW savings 1,000,000x0.001 

0.1% Improvement in Gen. Losses 
METHOD USED TO CALCULATE VALUE OF HEAT RATE 
A. Assumptions 

1. Privately owned utility 

2. 35-year life 

3. Assumed economic conditions continue 

4. Coal fuel, 250«/MBTU in 1985, 7%/Yr. inflation after 1985. 

5. 1985 service. 

6. Plant net HR (weighted) - 9,000 Btu/kW/Hr. 

7. Interest lost during construction is not included. 

8. Additional assumptions as described below. 
B. Rate of Return (Estimate) 



% Capital Cost, % Weighted Cost, % 



Long Term Bonds 
Preferred Stock 
Common Stock 

"Rate of Return" - 12.6% 



55 
10 

35 
100% 



x 
x 

X 



11.5 
10.0 
15.0 



6.32 
1.00 
5.25 
12.57 



M 



If ?4!-=r*TS:r:i s 



C. Capitalization Ratio (Annual Fixed Charge Rate) 



Rate of Return, r " _ ! 
Depreciation (35 yrs. at 12.57%), di 
Income Tax (Federal and State), T* 0 
Ad Valorem Tax 
Insurance 

General and Administration Expenses 
CR - Capitalization Ratio 



.~ 12.57% 
0.20 

- 5.15 

- 2.31 

- 0.10 

- 1.00 

~ 21.33% 



r-DB 



r + dj - d 



11.5%, d 2 - FTR 



48%, STR = 6% 



1-t r 

where D - 55%, B 

t = (FTR) (1-STR) + STR 
Capacity Factor (CF) 

While current capacity (load) factors are depressed due to low load g: 
in the lifespan of a new, large unit the capacity factor will be in the t 
Therefore, assume: 




pip 



1 V 



it is likely that 
ul 60-65% ranged' 



Year 


Capacity Factor 


1-2 


55% 


3-10 


78% 


11-20 


70% 


21-30 


60% 


31-35 


40% 



E. Annual Fuel Cost 

- AHR(8760)kW(CF) (FC) 
10 10 

Example — Inflated or then current dollars - 1000 kW capacity, 
1986 dollars 

$ - 90 Btu/kW-Hr. (8760 Hrs.) 1000 kW -^r 26 7' 5 * x 4rr^ 

100 10 6 Btu 100c 



- $1,159.73 



Present worth = 1,159.73 x =. 1159.73 x .8883 - 1030.23 

(l+r) n 

r = 12.57% = .1257 
F. Value of Heat Rate — In Plant Cost Terms 

With the above assumptions, the annual fuel cost may be calculated fcr Men year, present 
worthed (using the rate of return), summed, levelized (divided by the uniform series present 
worth factor) and capitalized. Table J-l shows such a calculation. 

The result is the value for heat rate in 1984-1985 of 
$12.7/kW/% or S "- 70 = 14«/kW/Btu 
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V 



mm 

JhjjHl 

I ^ Gi "bmrential Kilowatt Capacity Due 



if 



3 



i 



mi--? 




if 

it 



WW 

V k \- 



.,»r 



.la 



' S T. 



n ^dat wha^rate is a contfoversial subject involving pan? factors ^j^^^^^rit 
I \ 'tha< a fossil plant with the required air clean-up equipment wtf gg / £™^ ; » ! * 
the 1984-1985 period. However, the equipment mat vanes witt incwmcnt^ ow^fc , ; : 
' > about 30% of the total plant and ttepn«^in ? emen^capac.ty ; is ?bout.20% of die tat ■ ; { , :[ , 
USpriceiqrsuch^ 

i ] Su^reas^nablimcrem^tal kUowattage capad^chargem^it be_8(Hj£3j ^^fSMVr. , 

\ ' ^01^8^^ ?fi£ r f ? P' 1 ^ ^"f^^ , 

heat rate (and kilowattage) would Jot ab^ut Cat <n»U«n« levrf>c ,J 

Fuel Savings-Heat Rate 12.7 (88^000)^1 p ij$l,120,000 )\ <\- i : I ^ 

Incremental Capacity 50 (880,000) ,001 -i 44,000 • j 
! ' ' I { • Total' - $1,164,000 

Since the value of incremental kuowattage is only « 4% of the heat rate value and weU below 
the uncertainty in assumed values of many parameters, it is believed incremental kilowattage 
savings should not be included in this analysis. 
H. References 

Excellent information on utility economics is available in the following: 

1. P. Leung and R.F. Durning, Power System Economics: 

On Selection of Engineering Alternates, 
ASME Paper No. 77-JPGC-PWR- 7. 

2. Paul H. Jeynes, Profitability and Economic Choice. 

The Iowa State University Press, 1968. 
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Abstract: In the last decade there have been numerous advances 
made in insulating tapes, resins, test methods and 
instrumentation. The impact of the application of the newer 
tapes and resins has produced step surges in insulation 
technology. The primary emphasis has been on the reduction of 
the total insulation in the machines to achieve higher output 
density, improved heat transfer, improved efficiency and 
performance. The enhancements in test methods and equipment 
have served to increase the predictive accuracy of pending 
failures and to improve the integrity of the insulation system. 
Methods designed to find failures are now used to predict 
weakness and improve the insulation processes. As the demands 
on insulation systems are increased, failure mechanisms that 
were infrequent are starting to become more common. 

This paper will look at one manufacturer's vision of the future of 
insulation technology as it applies to the design of rotating 
equipment. It will also discuss the use of insulation evaluation 
techniques in insulation design, and will review insulation failure 
mechanisms and problems. 

PART A : - THE FUTURE CHALLENGE 
Introduction: 

To look at the future and gain an appreciation of the 
increasingly rapid growth in insulation technology, it is good 
to first look backward to the past. 

From the turn of the century to the 1950*s and 60' s, the 
standard groundwall insulation for much of rotating 
equipment was a combination of asphalt and mica flakes. 
Mica was an excellent dielectric, was fairly inexpensive and 
led to heavy insulation builds and low stress levels. Many will 
remember dissecting old asphalt / mica coils and finding large 
air voids in the insulating wall, even though the coil had not 
failed in service. 

In the 1950's and 60* s, the industry saw the advent of the 
synthetic resin systems, primarily epoxy and polyester. Resin 
rich 6 -staged tapes appeared and became the system of choice 
for pressed coils and bars. As well, the asphalt compound 
tank of a previous generation saw a rebirth with the autoclave 
epoxy systems. Mica flakes gave way to mica paper, and in 
low binder (dry) tapes saw heavy use in the vacuum pressure 
impregnation (VPI) systems. The pace of insulation 
development began a more rapid advance as the millennium 
appeared on the horizon. 



Industry Changes: 

In the 1980's, the utility industry was undergoing profound 
changes. The beginnings of deregulation in some countries, 
and the rapid expansion of many world economies, resulted in 
increased power demands. However, with the 1990*s came 
the anomaly of ever increasing demand and flat selling prices. 
Manufacturers looked for ways to gain the advantage needed 
for sales, and technology was again pushed to the fore. 

On the industrial side, motors were becoming increasingly 
larger and more complex. Failure of a large motor would have 
serious and immediate consequences for its owner. 

Strangely, the need for technology advancement came at a 
time when the equipment manufacturer, utility and industrial 
customers had, in many instances, just completed a 
downsizing in their technology functions. Laboratories had 
been closed, technology expenditures were often scaled back, 
and the academic arena often became the site of new 
investigations and advancement, albeit often too theoretical 
for manufacturing applications. 

To replace the lost inhouse insulation expertise, customers 
began using the insulation consultant - a freelance third party 
expert working on their behalf to maintain a predetermined 
quality level. Except in a few instances, particularly with the 
larger utilities, the days of the career insulation specialist 
appeared to be disappearing. 

Voltage Levels: 

With the emphasis on the use of contractors to plan anc 
implement projects, the selection of equipment on lowesi 
initial cost and the use of less experienced personnel, there u 
a tendency to ask for products at ratings that are not consistent 
with either good design, manufacturing practices or operating 
experience. One example is the specification of high voltage 
on low horsepower machines. This leads to oversizec 
machines or less reliable equipment. 

Today, it is not unexpected to see the specification of powei 
system voltages to perhaps 35 kV for machines in order tc 
eliminate transformers and breakers. Although some work h& 
been done to produce air cooled machines at voltage rating. 1 
above 15 kV, it is not a simple matter. Choice of clearances 



bracing/ cooling method, corona suppression, winding 
terminations and cabling, enclosures, cooling medium, slot 
grounding, grading, contamination, strand, turn, ground wall 
insulation, etc. will have a more significant impact than at the 
15 kV level. Things that were minor problems at lower 
voltages will become major problems on the new machines. 
Designers and users will require a new mind set to be able to 
build and maintain reliable higher voltage machines. The 
advantages of the higher voltage machines are not going to 
come without careful analysis of all the factors, some of 
which many of the current generation of machine designers 
and insulation specialists are totally unaware. 

Standards and Evaluation Techniques: 

It is perhaps not surprising that the decline in dialog between 
manufacturer and customer due to mandated downsizing, 
resulted in the increased use and development of international 
standards. Customers increasingly began to rely on the use of 
standard practices in their specification requirements. 
Manufacturers, as well, increased their participation to protect 
against interpretation not intended by documentation. 

A case in point is IEEE 1043-1996 [1]. The standard as 
written does not give defined rrunimum hours to failure. It 
was generally understood between knowledgeable 
manufacturers and customers, however, that historical data 
shows that for a 13.8 kV system, 400 hours at 30 kV (or 250 
hours at 35 k V) defined acceptable 1 i mits. There are, 
however, increasing incidences where a "ratcheting up" of the 
historical limits has caused problems; the notion that if 250 
hrs is good, then 500 hours is twice as good. This often 
resulted in manufacturers designing and producing a coil or 
bar set to pass a test, rather than designing for acceptable life. 
This issue is presently being addressed in a revision to IEEE 
1043. 

In the 1990's, a new standard IEEE 1310 1996 [2] was 
developed to determine the thermal cycling characteristics of 
generator insulation systems. It is generally considered to be a 
"type" test, and this is reasonable. It is now however, 
occasionally demanded as a quality assurance tool on each 
contract unit with the attendant increased cost for a several 
week evaluation. The situation sometimes begs the question 
"Who wins??" 

As manufacturing and customers become more global in 
nature, the increased use of country specific and IEC 
standards are becoming more common. 

A recent issue that must be addressed for those manufacturers 
selling into the European Community, is the issue of the 
CE Mark. This identification must be applied to all 
equipment, and requires backup documentation to ensure that 
equipment meets appropriate domestic standards. It is, in 



many ways, similar to the UL mark familiar in North 

America. 

Understand world standardization practices. Getting an 
order may depend on it. 

The Future: 

The expanding need for power on the utility side and larger 
motors to feed the expanding economy, came at a time when 
the generators and motors of the 1950*s and 60*s began to 
falter and needed either complete replacement or at least 
insulation renewal. The manufacturing world of Replace. 
Modernize and Upgrade was born. It is a fact that, as we enter 
the new millennium, the Service sector of many 
manufacturers may outstrip the growth of new equipment 
sales. 

For equipment manufacturers, the rules have suddenh 
changed. No longer is it acceptable to quote six month: 
delivery on a coil or bar rewind. With power demand high 
any time out of service impacts heavily on the utility bottorr 
line. Manufacturers are now finding that the supplier with the 
shortest delivery is the winner and subsuppliers of copper 
insulated wire and composite insulation products now fee 
this delivery pressure as well. 

New Insulation Systems: 

As stated earlier, there were essentially two major system 
developed for primary coil and bar insulation in the 1900's - 
the asphalt mica and the synthetic resin mica systems. 

Although the synthetic resin mica system is still the standarc 
today, the 1990*s saw a new variation on this theme - thi 
introduction of filled material technology. This variant saw it 
genesis in a patented process, US 4760296 (3] where it wa 
revealed that certain fillers could increase the- coron 
resistance of insulating materials. The benefits accrued wer 
in proportion to the composition of the filler chosen, th 
percentage of the filler included in the material, the fille 
particle size and its dispersion. Products containing improve 
corona resistant and thermal properties are being used today. 

It is suggested iliat this concept has set in motion a ne^ 
wave in insulation development, with variations over th 
next decade that may radically change the generator c 
motor, as we know it today. 

Benefits - Generators: 

On the utility generation side, the use of filled technology he 
already allowed for reduced or compact builds. These thinne 
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builds (Fig. 1) result in increased stress in the coil and bar 
insulation groundwall. Therefore, for a given slot geometry, 
reduced build can allow for more copper, translating into 
increased output in some cases. At least one manufacturer is 
already leveraging these concepts [4]. 

It is cautioned that this redesigned groundwall insulation 
brings with it other benefits and challenges. Reduced 
groundwall relates to a shorter thermal copper to core path, 
and can benefit machine cooling. However, without 
modification, grading systems may become overheated, due 
to the increased stress. As well the mechanical properties of 
the bar should be evaluated when compact builds are 
contemplated. 




Compact build is a design issue with new equipment, and 
early consultation between the parties can in fact result in t 
smaller generator for similar output In the rewind market 
an uprate may be possible where turbine capacity allows. I 
is recommended those utility customers and manufacturers 
either OEM or service groups, discuss and understand the 
possible advantages of reduced build coil and bar insulation. 

Benefits - Motors: 

As shown above, the process of reduced build / higher stres5 
insulation development typically began on the generatioi 
side of the business. It became apparent that the advantage 
of this program could migrate into the large motor area; 
with equally dramatic advantage [5]. 

To illustrate the effects of an arbitrary 30% reduction ii 
groundwall thickness on the design of a large motor, . 
theoretical optimized design was performed. The results ar 
shown as Table 1 . 

It is recognized that machine design optimization involve 
tradeoffs, and no insulation system is perfect, but the result 
of this screening suggest some major benefits in machin 
size and weight can accrue with compact build technology 

Manufacturer's development ingenuity will determine th 
winners and losers over the next decade. 



Fig. 1 - Standard and Compact Builds 



PART B : THE ISSUES AND PROBLEMS 
OF TODAY 

Machine Design: 
Pole coil insulation: 

Generally, very few field windings suffer failures due to 
high voltage stresses because the enameled or enameled 
with glass wire used in most field windings is subjected to 
very low voltage stress. The same holds true for strip 
wound field poles. The majority of pole windings see 
voltages less than 250 V on insulation that normally passes 
hi-pot levels over 3000 V. Field winding failures are related 
more to thermal, mechanical and chemical stresses or 
combinations of these three processes. Thermal aging 
causes delamination of the insulation leading to vibration of 
the turns and mechanical failure. Mechanical failure can 
also occur due to loose poles, loose pole collars and even 
loose coil brackets, as well as abrasion from air borne 
particles. Chemical failure comes from such things as 
process gases, oil contamination, moisture, and cleaning 
chemicals. The chemicals eat away the coatings, soften the 
epoxies, cause tubing of the enamels or combine with 
moisture and other chemicals to produce concentrated acids 
that attack the insulation. Strip wound fields can be shorted 
by contamination or conducting metals that are transported 
by the cooling medium. Materials and chemicals that are 
inert at room temperature become deadly enemies at the 
operating temperature of the winding. 

With the move toward smaller machines, the rotor 
insulation system will be worked harder both thermally and 
mechanically. The challenge to the machine designer is to 
increase rotor ventilation and improve the mechanical 
properties of the insulation. 

Bracing: 

There is no bracing system that will work in all applications. 
The bracing requirements of a machine have to be evaluated 
based upon the duty cycle and starting characteristics of the 
machine, the copper section and arrangement in the coil, 
and the actual insulating materials and resins used in the 
insulation system. Not all resins and insulating materials 
will develop the same strength, flexibility and resilience 
when fully processed. The stress strain curve for each 
system will vary significantly with temperature, generally 
with a drastic reduction in the tensile strength and modulus 
of elasticity. Measurements made of several different 
systems (Fig 2) show the mechanical strength of the 
insulated coil dropping to about 25 % of the room 
temperature value when operating at 105° C, the normal 
operating point for a class B rise machine in a 25° C 
ambient. 




Fig. 2 - Bracing Test Assembly 



Methods for calculating the forces that the insulation and its 
associated bracing and support rings must contain under 
various operating conditions go from the simple cantilever 
beam to the full end winding including all the instantaneous 
currents. Forensic analysis of end winding failures shov 
that whenever the original insulation system is replaced b\ 
another system, the end winding bracing needs to be re 
evaluated. This requirement to re-evaluate the bracing i; 
especially true whenever a machine is up-rated or the speec 
changed. 

Coils, Bars and Resin Impregnation: 

Stator coils may be found on both generators and largt 
motors. Coils require relatively little connection worl 
during installation relative to bars. However, they tend U 
be more difficult to wind due to the fixed geometry of th 
coil span. When replacement of a coil is required both toj 
and bottom legs need to be removed, making replacement o 
a coil with a damaged top leg more difficult than that of ■ 
damaged top bar. 

Bars are primarily used on generators. They are suited t 
larger machines for their relatively lower weight as each lc 
can be handled and wound independently. For the sam 
reason replacement of a failed top bar is considerably easie 
than it is in the case of coils where a span needs to be lifted 

Many machine stators utilize a global vacuum-pressur 
impregnation (VPI) method for epoxy penetration and curt 
However, there are occasions when machines ar 
constructed using preformed ("hard") coils, where th 
insulation is already fully cured and rigid prior to insertio 
in the stator slot. There are two principal reasons why th. 
type of construction is used: 

• The stator' s design is such that it is too large for th 
existing VPI facilities. 

• The customer specifies a hard coil stator construction. 

If the size of the tank and oven facilities allow, the benefi 
of the VPI method of resin application are numerous. It is 
proven method for effective insulation of stators, as thei 
are well-known resin/tape combinations. The finishe 



system consists of a solid mass of resin and tape. This 
system is resistant to chemical attack and is rugged when 
handled. Manufacturing of the coils can be streamlined by 
use of lower cost tape and is less labour-intensive per coil. 
Winding of stators is facilitated by the use of green VPT 
coils because they are flexible and easier to install, even on 
large spans. 

The VPI method does present some challenges, notably with 
the material handling, vacuum and baking equipment 
required to run the process. Very large stators may make the 
VPI method unfeasible, if the existing crane and tank 
capacities are limited. A new setup requires considerable 
capital investment and there is cost associated with 
maintenance of an existing facility. VPI facilities need 
dedicated staff to run them, require compliance with 
environmental regulations, and may present problems with 
disposal and rotation of old VPI resin. The process may be 
sensitive to taping variations arising early in the process. If 
vacuum tank control is not properly maintained, there exists 
an opportunity for formation of voids or dry pockets in the 
insulation, leading to increased PD activity in higher- 
voltage machines. Due to the very strong mechanical bond 
between resin and tape (the VPI resin, coils and stator form 
a solid mass), a complete stator rewind is required if repairs 
are needed at any time after the completion of the VPI 
process. 

The principal benefit to using pre -formed coils in stator 
winding is that the facilities for complete immersion and 
subsequent baking of the stator are not required. There are 
fewer environmental issues associated with hard coil 
manufacture. For a given volume of insulation, there is a 
higher mica-to-resin ratio in a hard coil, resulting in an 
improved ability to handle voltage stress. Pressing of filled 
tapes around the entire profile of the coil results in fewer 
opportunities for voids and dry pockets to form. The resin 
content is known and pre-loaded into the tape before coil 
pressing. This improves the assurance of fresh tape and 
resin with each coil. Compression is excellent, resulting in a 
more compact coil. There is no "gluing" of the system, 
which allows for rewinds and repairs to take place at site, 
avoiding removal and transport of the stator. The stator can 
be split and shipped in sections, so there is no limit to its 
physical size. Armour-to-core contact is improved by the 
presence of semi-conductive centre and bottom-fillers, and 
various side packing methods. 

The hard coil method is not without challenges. The 
winding process is labour-intensive, requiring more robust 
bracing and lashing. Due to the more expensive materials 
used in their construction, the coils may be costly to 
purchase. Large spans may present challenges to winders 
due to the rigidity of the coils - a considerable amount of 
stress is put on the coil loops when the span is lifted, which 



could damage the insulation. The required side packing may 
need replacement before the end of motor life. 

It can be seen that the two systems are not entirely 
interchangeable depending on convenience. There are 
circumstances when one system offers advantages over the 
other. The strength of the VPI system is in the construction 
of physically smaller stators, multiple (spare) stators for one 
machine, and tight stator bores. VPI machine maintenance 
is easier when the stators can easily be transported for 
reconditioning to a service shop or the original 
manufacturing facility. The non-VPI hard coil system is 
more suited to larger, single machines in remote locations or 
where removal and transfer is difficult (such as marine 
installations), and to machines with wide stator bores. 

Variable Speed Drive Issues: 

Variable speed drives (VSD) repeatedly subject a machine 
winding to electronic switching transients. These transients 
can have very fast rise-times, particularly in pulse width 
modulated (PWM) drives. With longer lengths of cable 
running between the drive and motor, voltage reflection 
problems may also arise. In the worst case, if no protective 
steps are taken, the transient voltage at the motor terminals 
can reach twice the line voltage. The results of a 1988 EPRI 
study [6] also suggest that the high frequency transient 
voltages tend to be unevenly distributed across the coils and 
turns of the winding. The effects of VSD can be miugatec 
by using thicker turn insulation. To compensate for the 
increased turn insulation thickness, the groundwaL 
insulation thickness is reduced correspondingly. In this 
way, the total build from the copper to the slot is the same 
Corona resistant materials will also provide a major 
improvement to insulation life in VSD applications. 

Manufacturing: 

VPI Monitoring: 

The standard method of monitoring the VPI resii 
impregnation process is the use of sacrifice coils. Thi 
method has two important drawbacks, the first being tha 
the sacrifice coils are not confined in the stator slot and ar 
more freely exposed to the resin. They are also free t 
mechanically cycle with pressure changes increasing resi 
influx. The second drawback is that, due to the destructiv 
nature of the test, the supply of sacrifice coils may becoir 
exhausted before they indicate the winding has bee 
completely filled. 

An improved method of fill monitoring involves th 
monitoring of slot-section capacitance. The stator is place 
in the VPI tank so that it is electrically isolated firoi 
ground. All phases are tied together and 1 Vrms is applied t 



the winding during VPT. A bridge is used to measure the 
capacitance and DF of the slot section of the winding. 

As the tank is filled the resin displaces the air in the 
winding, thereby raising the overall dielectric constant of 
the insulation. This change in dielectric constant is observed 
as a change in capacitance (Fig. 3). When the winding is 
unable to take any more resin the capacitance remains 
constant with time and pressure. 
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Fig. 3 - Capacitive Monitoring Trace 



It is important to note that this method does not indicate the 
winding has been completely filled but that the winding has 
stopped taking in resin. For this reason sacrifice coils are 
often used in conjunction with capacitance monitoring. A 
second drawback of this system is that it uses the entire 
winding to give capacitance. A localized res in -poor area 
may not be a significant contributor to the global parameter 
being measured but may be significant from an electrical 
performance standpoint. 

Quality Assurance: [7] 

Dissipation Factor and Capacitance: 

This test is performed on the wound stator after the VPI 
process. These tests provide information on the condition of 
the insulation, including degree of compaction, armour to 
core contact, and grading condition. The tests are performed 
on each phase with remaining phases grounded to ensure 
that no abnormalities (Cap & DF) exist among phases. 
Typically the data is collected at 10 % of rated voltage with 
subsequent data captured at 10 % increments up to 120 % of 
rated voltage. The tip-up is calculated from the difference 
between the DF at 20 % and 100% of line to neutral voltage. 

A database correlating DF vs. voltage rating, machine 
geometry, type of insulation system etc., will assist in 
trending process quality. 



Partial Discharge: 

Utilizing PD instrumentation, partial discharge data is 
collected on the wound stator after the VPI process. Phases 
are tested together and independently to segregate the 
endwinding activity from the slot section of the machine. 
Data is collected at 100 % of line to neutral voltage and at 
120 %. Again, a database will allow for better assessment of 
PD data when peculiar PD plots occur. The merits of Partial 
Discharge testing extend beyond the evaluation of the stator 
winding. Cable clearances, conduit box geometry and 
termination hardware are a few examples of scenarios 
where PD activity has been identified. 

A machine's initial PD "fingerprint" can help identify 
sources of PD activity. As well, recent developments in UV 
viewing technology can complement PD instrumentation b> 
more precisely locating sites of corona activity, ofter 
eliminating the need for "black hi-pots." 

Hi-pot Testing: 

There is a continuing debate on the merits of AC vs. DC hi- 
pot testing in searching insulation defects. Recently thi: 
debate has expanded to the use of very low frequency 
(0.1 Hz) voltage application. 

After insertion of the stator coils, AC hi-pots are performec 
above rated voltage. Following connection, the test i: 
repeated. Subsequent to impregnation and bake, a full ratec 
hi-pot test (2E+lkV) is performed. 

On VPI systems, it is strongly cautioned that repeatec 
hi-pot testing of coils before impregnation (green state 
can cause internal corona activity, weaken the 
groundwaU structure and possibly compromisi 
insulation life. 

Surge Testing: 

The turn testing of stator coils is performed during twr 
different stages of the manufacturing process. The coils an 
first turn tested upon completion of coil manufacturing will 
the second test after the insertion of the coils into the stator 
Surge testing establishes a confidence level that the tun 
insulation has not been compromised during the handling o 
the stator coil until it has reached its wedged position withir 
the slot. Typical test equipment may include an inductive o 
pulse generator type with either having a known rise time o 
0.1-0.2 us. 

Cabling and Phase Leads Routing: 

At any altitude and environment, particularly in a pollute* 
one, air clearances and adequate spacing between coil / ba 
endarms is critical. Equally important is the routing and 




Fig. 4 - Ozone Damaged Cable 

clearances associated with cables and phase leads. In 
difficult to see and limited access locations around the stator 
winding and conduit box, insufficient air clearances can 
lead to premature cable insulation aging. This aging is 
caused by corona discharge and mechanical cycling due to 
electromagnetic forces. Ozone generated by this corona 
discharge activity is also known to prematurely age and 
make the insulation surface on PE, XLPE and various 
rubber insulated cables become brittle (Fig. 4). This ozone 
problem is particularly encountered in confined spaces, 
complex cable/lead arrangements and long routings through 
the frame. 




Fig. 5 - Inadequate Cable Clearances 

Fig. 5 shows a conduit box on a 11,000 HP, 13.2 kV 
synchronous compressor motor. The cables were too 
long and routed with no air clearance to ground (note 
corona on CT). Corona activity between the cables and 



ground caused a catastrophic in service failure on this 
unit. 

In order to prevent this type of insulation damage and 
premature aging of the machine winding, it is necessary to 
use clearance gauges to ensure adequate air gaps between 
highly stressed parts. Gauge size should take into account 
voltage rating and altitude of machine installation site. 

Spray and Submersion Tests: 

Modern epoxies for global VPI applications provide rigid 
insulation systems. However, high rigidity also makes the 
endwinding areas prone to cracking, particularly during fast 
cool down steps after baking. Cracking can also develop in 
service during severe thermal cycling (major load swings, 
reversals, etc.) As well, inadequate restraining of 
endwindings can cause mechanical stresses capable oi 
cracking the groundwall insulation at slot exit locations, or 
in the endarm regions. 

A spray or submersion test is designed to check the integrity 
of totally sealed global VPI processed insulation systems 
per NEMA MG1-20.49. This test is also referred to as We: 
or Water test. The finished wound stator, after VP' 
treatments and baking, is sprayed or submerged in ; 
moderately conductive solution of water and surfactant. Thf 
surfactant agent, by its low surface tension, wets the entire 
stator insulation surface. This increases the searching 
capability for cracks and weak spots. After spray o 
submersion, the wound stator must pass a successful megga 
test, followed by a hi-pot. Failure of the meggar test mean: 
drying, repair and retest of the winding. Wet test failure 
occur at endarms caused by forced blocking of coils, at 
lead to circuit ring connections (taps), at cable to circuit rin 
splices or on a damaged lead cable insulation. 

To reduce the number of these failures, thermal shock 
should be avoided after bake. The wound stator is coole 
down from the cure temperature, typically 160° C t 
ambient, in no less than 12 hours. Cables should b 
carefully routed with no sharp bending radius during bake 
Taps to circuit rings and cable splices use special resi 
soaked felts and silicone putties to fill the V shaped gap 
between connected conductors. Adequate taping materia 
and methods are used to obtain a high insulation level and 
fully sealed system. 

Field Issues, Maintenance and Repair: 

Because of maintenance budget limitations, for rotatin 
machinery users, it is of paramount importance for users i 
prioritize their repair or replacement program. Machines ai 
generally considered on a case by case basis. Althoug 
some utilities have developed their own engineering ba: 
over the years, decision making is quite often a difficult oi 
on highly critical and strategic machines. 



A wide spectrum of test standards and recommendations 
(EEEE and IEC) are known and used in the field. The vast 
majority of these tests are performed offline. The most 
widely accepted online high voltage test is Partial Discharge 
(PD) testing, which is rapidly gaining popularity among 
industrial users and utilities. 

Contamination and Tracking: 

Description of the Tracking Phenomenon Due to 
Contamination: 

Electrical insulation tracking is described in detail by 
Mathes and McGowan [8]. Tracking is a surface failure 
phenomenon that occurs when contaminants collect on the 
surface of an insulating material. A moisture film on the 
polluted surface will conduct a leakage current and generate 
heat. Dry bands will form, resulting in regions of very high 
resistivity between the edges of the remaining wet film. 
Nearly the entire surface voltage will appear across this dry 
band, causing flashover of the gap. The temperature of the 
arc is sufficient to decompose and carbonize the material 
locally. Dry banding, arcing and the formation of 
conductive carbon will proceed in a relatively random 
manner somewhat like the branches ot a tree. The arc will 
then tend to prefer previously carbonized spots. Eventually 
a continuous conducting path forms between the live parts 
and a flashover occurs. Fig. 6 shows an example of a phase 
to ground fault caused by surface tracking. 

Typical Case Studies: 

Instances of failures due to surface tracking are illustrated 
by the following case histories. A weather-protected 
machine, with a high voltage (13.8 kV) winding, suffered a 
failure in the circuit ring connections while starting during a 
thunderstorm. When the winding was returned for 
inspection and testing, it was so contaminated with a 
conducting material that the leakage current protection on 
the hi-pot set would trip at less than 4 kV. Once steam 
cleaned and baked, the winding withstood hi-pot levels up 
to 40 kV. Examination of the winding after removal from 
the stator core showed that extensive surface discharge had 
been taking place. 

A finite element analysis of the circuit ring section showed 
that the uneven distribution of the contaminant over the 
surface of the circuit rings and the connection bundle 
increased the maximum electrical stress in the insulation 
[9]. Modifications to the enclosure to reduce the possibility 
of the conducting contaminate entering the machine, 
combined with more frequent contamination removal, 
appear to have solved the problem on this unit. 



In another instance, a call from a North American 
consultant revealed that units that he had purchased from an 
unspecified supplier were failing. He asked if it would be 
possible to discuss mechanisms that would help him 
determine the cause of the failures. His units were vertical 
weather protected machines operating under 7 kV on a 
peninsula in the Philippines. The units were downwind, in 
an area of high sea water spray and high humidity and rain. 
The windings were covered with salt and failing. It was felt 
that the salt contamination was shorting out the grading and 
ground tapes causing tracking and failure. 

Approximately 5 years after the first high voltage winding 
failure discussed previously, we were notified of a failure 
on a second unit. Unfortunately, the unit had been sent out 
and rewound before we were notified. The failure on this 
unit was again in the circuit ring connection area. The unit 
was not in a highly contaminated area but the machine hac 
been in the same service shop within the previous year foi 
the replacement of some cables that had been damaged. 




Fig. 6 - End Bracing Surface Tracking 



Investigation of the cable repair indicated that after th 
cables had been replaced, the endwinding had been dippe 
in a commercially available insulating varnish and bakec 
A series of tracking tests were initiated to determine if th 
anti-tracking characteristics of the insulation system coul 
be affected by the varnish. Inclined plane tests were made i 
accordance to ASTM D2303 [10]. A polyester lamina, 
substrate was first covered with the base resin and bake* 
Alternate materials were then applied on top of the res: 
layer. The findings for the insulating varnish were so poc 
that the program was expanded to look at all the differe: 
coatings that might be used on the insulation and on oth< 
systems that might be used in the future. Varioi 
combinations of materials were investigated. The trac 
resistance of the standard resin was least affected when 
was covered by epoxy paint, a polyurethane coating or r 



anti-abrasive coating. The test samples became extremely 
vulnerable to tracking when the resin was covered with 
commercial filling compounds, varnish, or combinations of 
epoxy paint and filler or varnish. This work is described in 
detail by Dymond et al. [11]. 

The best way to avoid surface tracking in machines 
operating in a contaminated atmosphere is to keep the 
contaminated cooling air out of the machine. This requires 
the use of a totally enclosed machine with a heat exchanger 
or a purged air system. When this is not possible, the 
designer must have a thorough understanding of how the 
insulation system will perform in this contaminated 
environment. 

Summary: 

As we start the new millennium, the insulation engineer is 
facing many new challenges. The pace of new development 
has quickened. New materials, and variations of long used 
materials are appearing. The long established relationships 
between manufacturer and customer have changed. New 
international standards now complement domestic ones, and 
the manufacturers, as well as some customers, are global in 
their manufacturing and sourcing practices. 

It is perhaps then strangely ironic that with the rapidly 
changing manufacturing environment, many of the same 
insulation problems that have plagued us for years remain. 
Improved material properties are being leveraged as never 
before, and dedication to processing detail is now more 
important than ever. Only through attention to 
manufacturing quality using appropriate testing procedures 
and after-market inspections, can long machine life be 
assured. 

Authors: 

Authors Clark, Dymond, and Stranges are employees of GE 
Motors. Authors Hayward, Moore, Snopek and Younsi are 
employees of GE Hydro. All are located at Peterborough, 
ON, Canada. 

References: 

[1] IEEE 1043 - (1996), Recommended Practice for 
Voltage Endurance Testing of Form- Wound Bars and Coils 



[2] IEEE 1310 - (1996), Recommended Practice for 
Thermal Cycle Testing of Form- Wound Stator Bars and 
Coils for Large Generators. 

[3] Johnston, D. R., Markovitz, M., US Patent 4760296. 
"Corona-Resistant Insulation, Electrical Conductors 
Covered Therewith and Dynamoelectric Machines and 
Transformers Incorporating Components of Such Insulated 
Conductors,** - July 1988 

[4] Draper, R. E., Moore, B.J., "Development of £ 
Vertical Generator Bar Insulation System for Operation ai 
Increased Stress" - EIC/EMCW Expo97 Sept 1997 
Chicago 

[5] Moore, B.J., Rehder, R. H., Draper, R.E., - "Utilizing 
Reduced Build Concepts in the Development of Insulatior 
Systems for Large Motors"- EIC/EMCW Expo99 t 
Oct 1999, Cincinnati 

[6] "Turn Insulation Capability of Large AC Motors" 
EPRI Report EL-5862, Vol 1, Project 2307-1, July 1988 

[7] Draper, R.E., Rehder, R.H., Moore, BJ., "Insulatioi 
System Evaluation for Rotating Machinery", - TPPT 
Insulation Magazine, July/Aug 1995, Vol 11 No 4 

[8] Mathes, K.N., McGowan, E.J., "Electrica 
Insulation Tracking - A Design-Engineering Problem' 
Electro-Technology, April 1962, pp. 146-151. 

[9] Weeber, K., Stutt, M., Dymond, L, Rehder, R. 
"Finite Element Field Analysis Of Nonuniform Surface 
Contaminations On High Voltage Windings Of Electri 
Machines", Proceedings of Conference on Electrica 
Insulation and Dielectric Phenomena, October 20-23, 1996 
Millbrae, California, USA. 

[10] ASTM D2303 - "Standard Test Methods for Liqui. 
- Contaminant, Inclined-Plane Tracking and Erosion c 
Insulating Materials", September 1990, pp. 503-512. 

[11] Dymond, J., Stranges, N., Younsi, K., "State 
Winding Failures: Contamination, Surface Discharge 
Tracking", Paper No. PCIC-99-32, Technical Proceeding 
of the Petroleum and Chemical Industry Conference, hel 
Sept 1999, San Diego. 



APPENDIX D 
of Contents - Proceedings of INSUCON/ISOTEC '98 



PROCEEDINGS OF 



INSUCON/ISOTEC '98 



The 8th BEAMA 
International Electrical Insulation 
Conference and Exhibition 

Harrogate International Centre • 12-14 May 1998 



PAGE NO. 



CONTENTS 

ISOTEC '98 



TUESDAY 12 MAY 

SURVEY PAPER 

08.45 Survey of insulation technology for winding of rotating electrical 

machines (electric motors) based on form wound coils. 

J Langer - Siemens AG, Germany 

DETAIL PAPERS 

DESIGN & PROCESS 
Q9. 1 5 Evaluation of impregnating resins for large high voltage rotating 

electrical machines. 

J A Nurse - GEC ALSTHOM - Electrical Machines, UK 

09.35 Modem manufacturing processes of multi-turn coils for high voltage 

motors. 

A Genhan - ABB Industrie AG, Switzerland 

09.55 VPI Technology Plants for Rotating Machines - State of the art 34 

and its future. 

E W Boesch - Micafil AG, Switzerland 

INSULATING MATERIALS AND INSULATED CONDUCTORS 

1 1 • 1 0 Resin rich technology today and trends 44 

J E NeaJ - Jones Stroud Insulations, UK 

1 1 .30 VPI Technology and trends. 

H Brandes - Von Roll Isola, Switzerland 



SURVEY PAPER 

1 3 .45 Survey of insulation technology for stator winding bars of rotating 

electrical machines (generators). 

R H Schuler - ABB Industrie, AG, Switzerland 



10 



21 



56 



61 



DETAIL PAPERS 

14.15 Advanced technology of stator coil insulation system for 

turbo-generator 

M Tari; N Iwata; H Hatano; H Matsumoto, Y Inoue; T Yoshimitsu 
Toshiba Corporation, Japan 

14.35 New manufacturing process of indirect cooled stator winding bars 

for VPI post impregnation technology. 

N Didzun; F Stobbe - Siemens AG, Germany 

1 4.55 Highly stressed generator insulations. 

K Scherer; F Mueller - ELIN, Austria 

INSULATION MATERIALS AND INSULATED CONDUCTORS 

1^-10 Advances in mica paper in mica tapes for high voltage generators 

using global impregnation. 

E Barrutia; N Mortier - Cogebi, Belgium 

1 6.30 Mica tapes for high voltage generators; state of the art and newest trends. 114 

B Hafner - Isovolta Osterreichische Isolierstaffwerke AG, Austria 
17.10 Summary. 

R Schwander - Beltec Isola, Switzerland 



78 



87 



96 



105 



iii 



CONTENTS 

INSUCON '98 

WEDNESDAY 13 MAY 



08.30-08.45 CONFERENCE OPENING AND INTRODUCTION 

Roger Trotman - Chairman, Electrical Insulation Association 



PAGE NO. 



SESSION 1 

08.45-10.15 



TRANSFORMERS 

Session Chairman J Fyvie, Peebles Electric Ltd, UK 
Design for cost and reliability. 

D Allan - GEC ALSTHOM Transformers, UK - Keynote Speaker 

Polyethyele Naphthalan (PEN) Film - a rapidly developing material 

for electrical insulation applications. 

J M Mace - Dupont Polyester Films, UK 

On-line monitoring of oil in power transformers. 

A J McGrail; B Pahlavanpour, A Wilson - National Grid Company, UK 

Long-term performance of transformer insulation. 

A Wilson; P N Jarman - National Grid Company, UK 



125 
132 

140 
147 



SESSION 2 MATERIALS 1 
10.45-12.15 

Session Chairman A Whitman, Jones Stroud Insulations, UK 

New technologies and environmental aspects. 161 

P Boss - ABB S 6c heron S A, Switzerland - Keynote Speaker 

New prepeg systems for reducing the production times and costs 168 
for generator bars. 

W Uher - August Kxempel Soehne Gmbh + Co. Germany 

Stress control on stator endwindings. 175 

A E Baker; A M Gully; J C G Wheeler - GEC ALSTHOM ERC, UK 

Evaluation of Polyethylene Naphthalate (PEN) film acting as the 182 

reinforcement for mica based insulation to insulate high voltage 

rotating machines. 

S Taylor - Jones Stroud Insulations, UK 

Coil end corona protection studies. 194 

R Bramrner, K Bengtsson, D Rudolfsson - ABB Generation; 
H A Eriksson, G Andersson, J Seppas - ABB Industrial Systems; 
M Lindgren - ABB Corporate Research, Sweden 



SESSION 3 PARTIAL DISCHARGE 
13.30-15.00 

Session Chairman A Wilson, National Grid Company, UK 

The present state of in-service partical discharge testing of rotating 203 
machine stator windings. 

G C Stone - Iris Power Engineering, Canada - Keynote Speaker 

Experience with partial discharge measurements for the evaluation of 210 

high voltage winding insulation of large and medium-sized motors. 

K Bauer; A Bethge; M Kaufhold; H Wang - Siemens AG, Germany 

Condition monitoring of electrical rotating plant. 217 

J W R Smith; A J Brown - BAeSEMA Ltd, UK 

Performance of motor windings subjected to pulse shaped voltage 221 
stress. 

S Lanz; T Fuglister; J Ruhe - ABB Industrie, AG, Switzerland 



iv 



CONTENTS 



PAGE NO, 



SESSION 4 MACHINE LIFE 
15.30-17.00 

Session Chairman J Langer - Siemens AG, Germany 

'The next generation' - a review of the factors influencing the output of 231 
electrical machines in the new millennium. 

C N Glew - GEC ALSTHOM Large Machines, UK - Keynote Speaker 

A novel parameter for the prediction of deterioration in generator 243 

stator insulation. 

J B Kim; D H Hwang; J W Jeon; Y J Kim - Korea Electrotechnology 
Research Institute, Korea 

Development of advanced techniques for life assessment of generators 250 
based on ageing tests in laboratory and diagnostic tests on field. 

A Kortaj arena; L Martinez - Labein; 
J Hernandez; E Sierra - Iberdrola, Spain 

High voltage motor winding insulation for high power adjustable 257 
speed drives fed by IGBT converter. 

K Bauer; M Kaufhoid; H Wang - Siemens AG, Germany 

Condition monitoring - effect of winding design and calibration. 264 

J W R Smith - BAeSEMA Ltd, UK 



v 



CONTENTS 

INSUCON '98 

THURSDAY 14 MAY 

PAGE NO. 

08.30-08.45 INTRODUCTION 

Roger Trotman - Chairman, Electrical Insulation Association 

SESSION 5A MEASUREMENT SYSTEMS 
08.45-10.15 

Session Chairman G C Stone - Iris Power 
Engineering Inc. Canada 

Expert systems enable continuous in-service diagnostics of installed 271 
high voltage plant. 

J Petrou; D J Kopaczynski; M F Lachman - Doble Engineering 
Company, USA - Keynote Speaker 

Partial discharge measurements on transformers: 278 
Fingerprints analysis. 

J. Poittevin; D Uhde - GEC ALSTHOM T & D; 

N Foulon; J-P Lucas; G Barr6 - Alcatel Alsthom Recherche, France 

Experience of on-line versus off-line partial discharge testing on a 291 

hydro-generator. 

H Zhu; V Green - Adwel International Ltd, Canada; 
D Huynh - Pacificorp, USA 

Test methods for direct current series wound armatures. 297 

D E Schump - Baker Instrument Company, USA 

Operational experience of non-intrusive partial discharge 304 
measurements on high voltage switchgear. 
P M Brown - EA Technology Ltd, UK 



SESSION 5B (PARALLEL WITH 5A) - CABLES 

Session Chairman R McKinlay - EA Technology, UK 

Laser ablation studies on polymeric cable sheaths. 313 

S J Sutton - National Grid Company, UK 

The a nalysis of cross linked polythene cable insulations using 321 

FTIR spectroscopy. 

J A Bevis - Pirelli Cables Ltd, UK 

Multifactor dry ageing of cable grade XLPE. 328 
C L Griffiths; J Freestone; R N Hampton - BICC Cables Ltd, UK 
Oil leaks - detection and remediation techniques. 335 
D Patel - National Grid Company, UK 

Evaluation of a method for the determination of emissions during 342 

curing of impregnating resins. 

G Baumgarten - BASF Coating AG, Germany 



SESSION 6A RESINS 

10.45-12.15 

Session Chairman H S McNaughton - Consultant, UK 

Lifetime reductions in epoxy resin systems. 35 1 

J M Cooper - National Grid Company, UK 

A new resin system for impregnating electrical windings with 359 
low emissions during application and curing. 

G Hegemann - Beck Elektroisoliersysteme, Germany 

Quantitative determination of tape resin blends. 367 
A J I Cox; D R Walton - Jones Stroud Insulations, UK 

Thermal simulation of epoxy resin during cure. 374 

L S Pritchard; H M Ryan - University of Sunderland; 
J S Graham - Roll-Royce: The Bushing Company, UK 



vi 



CONTENTS 



SESSION 6A RESINS (Continued) 

Qualification of the enhancement obtained by re-vacuum pressure 
impregnating machine windings. 

R Scollay - Calidus Von Roll Isola; 

M M Botha -L H Marthinusen, South Africa 

SESSION 6B (PARALLEL WITH 6A) - POWER CAPACITORS 

Session Chairman M Smart - ABB Power T&D, UK 

High energy density capacitor development 

J Connolly; M Dunn - ABB Power T&D Ltd, UK 

Endurance of impregnated metallised power capacity systems. 

D S Warschawsky - Elkon Company, Kazachstan 

Reliability of film-based capacitors for power electronics. 

J P Ballard; A M Gully - GEC ALSTHOM ERC, UK 

An improved all-synthetic dielectric arrangement for HV carrier 

communication equipment. 

R Manjunath; T P Govindon - Crompton Greaves Ltd- 
T S Ramu - lISc, India 

Forecasting endurance capacitors insulation systems with influence of 
muiti-a valance discharges. 

D S Warschawsky - Elkon Company, Kazachstan 



PAGE NO. 



380 



387 
394 
397 
405 

412 



SESSION 7 
13.30-15.00 



SESSION 8 

15.30-17.00 



TRANSFORMER FLUIDS 

Session Chairman J Poittevin - GEC ALSTHOM, France 

pter- based insulating liquids and monitoring their behaviour 
in a traction transformer. 

P Boss - ABB Secheron SA, Switzerland; 
W D Phillips - FMC Corporation (UK) Ltd 

Assessment of transformer life from paper - oil analysis - 
Indian experience. 

P G Agashe; T S R Murthy; U Yugandhar-Bharat Heavy 
Electricals Ltd, India 

Testing of high temperature insulation systems for liquid immersed 
transformers. 

R L Provost - E I DuPont de Nemours; 

R J Whearty - Power Engineering Consultant, USA; 

J C Duart - DuPont de Nemours, International SA, Switzerland 

Pjf^T 1 8f analysis in insulating oils by controlled headspace sampling 
coupled with capillary gas chromatography. p g 

R Gilbert; J Jalbert - Institut de Recherche d' Hydro-Quebec, Canada 



419 



427 



433 



444 



J C G Wheeler - GEC ALSTHOM ERC, UK 



MATERIALS 2 

Session Chairman 

New Trends in high performance polyimide films insulation. 4S <r 

R G Schmidt - DuPont de Nemours, Germany 

A comparison of the impregnation properties of PETP film backed 467 
and glass backed mica paper tapes for global impregnation aDolications. 
J A Nurse - GEC ALSTHOM Electrical Machines Ltd/UK appUCatl0ns - 
Characterisation of polymeric insulators. 479 

Wa?es Y UK ; A Haddad; A R R ° Wlands; R T Waters " Sch °°l of Engineering. Universityof 

Dinorwig Power Station generator motor 18 kv stator insulation. 470 

I Cook - First Hydro Company, UK y 

Construction and Application of MICA tapes. Their importance in VPI 487 
Insulation Technology for rotating machines. 48 ' 

R Brutsch; J Allison - Von Roll Isola, Switzerland 



vii 



APPENDIX E 

Rabinowitz, M., "Power Systems of the Future (Part 4)", IEEE Power 
Engineering Review, August 2000, Vol. 20, No. 8, pp 4- 



I:\atty\tj f\9847\Declarations\ENKEL.8086.Fenton.FINAL.4.17.01.doc 



_ * AUG. ^1.2000 li:01Pl 



♦ 



AUGUST 2000 



3 r 



TECHNICAL INFO SERV ' 



NO. 743 




VOLUME 20 



NUMBER 8 



(ISSN 0272.1724) 







SR.* 



ntenance 



* AUG. 1.2000 11 :02PM TECHNICAL INFO SERV NO. 743 



P. 3 
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Power Systems of the Future 



(Part 4) 



J I^iv working Philosophy of individual electric 

" r v" ^"- m large measnre « ^fleeted by the modern- 
2anon of thcu- power systemsduring the next 20 years. Part 1 of 
this arocle appeared In the January 2000 issue of IEEE Power 
fZl'"' ermS Re ^' aaA featured transmission and distribution 
of uS^ < ? , r^ 1UK, UBdtt S round livery, pros and co£ 
^^J^? d , dehV ? y '. su P^"*«cung mmfmission. and 
^sistive delivery. It also included a table of contents for Ae 
r°™ pI ^J"^ Part 2 appeared in the March 2000 issue and 
T' t ICCtnCaI insa|aDon - distribution cable? Td 
17^?°™"!: *f 3 appeared in the May 2000 issue and looked 
at the potential for fault current limiters, lightning and rested 
t>on preparedness, compressed-gas insulated (CGI) transmis- 
sion, and advanced delivery technologies «ansmis 

iJ^£r^ hiCh COncludcs addresses dc transmis- 

-ion. dispersed generation, distributed automation, use 
Jf computer information technology, and other fac- 
o« worthy of continued consideration in the 
wenty-first century. 




What power delivery 
options are available, 
which arc Jess likely, and 
which have the potential 
of achieving major 
improvements? 



Direct Current, Grid Stability 
and Superconducting Generators ' 

For long distance transmission, dc is significantly less co 
than ac. Crect current also serves an mipJttntSoTtot 
~ C fT° ,ar £? « W». even foXndistanc^C, 
cumventmB problems related to synchronization However 
ordinary transmission, dc is limued to longte^Se 
the high cost of rectification and m version « tfaVtwo «JdTcf 
line myolvmg high power diodes. traiisf<>rmer?n^fiS. S 
stanoal fflcenng is typically required, at SgScwt e^enVe 
™i npple at the dc output. SubstaSnSgTa 
remnred on the primary side of the transformer to fire vent su 
and harmonics from getting back to the generator^ 

An increase in frequency reduces the degree ofriimleanc 
ffltermgrequired. Mere substitution of acon^S™^ 

factory, since this *ould increase the tansfoni 
impedance and losses (especially core loss 
and decrease the power transmitted. F 
•hermore. it is impractical to try to sea 
ate at substantially higher voltages w 
a conventional generator. This is I 
cause the flux density is Kmh»H 
iron saturation, and the annate 
turns must be msulated from t 
grounded iron, thereby limiting t 
ampere-turns density and the vo 



The amplitude of the ripple isc 
creased approximately inversely 
the square Of the number of phase 
Similarly, the filtering retirement 
reduced as the frequency is increased. L 
conventional system utilizing a bigh-volca 
transformer, as the number of phases are i 

bona m frequency and in the number c^phaseVwk 

^.°* nc ™V' b«h «be mput and output sides of the diode 
Anjn«ea*m the frequency by a factor of three can reduced 
re^reauuemeni by a factor of three. An increase fa J 

nmnber of phases by a fa^oftv^ reduces the reacmr^r 
ment by a factor of four. ™«wrequir 

»™^" U £ ! 3 7!5 hroft0 '? naeta ^ of » aperconductir 
generator is about 1/4 that of a conventional generator of sim 

ThU is the W pan of a multipart article by Mano Kobutt^TZZTTT 

"J «** "*> 2000 ime °/ fE EE Power Engh^-R 
tabmawiis if w/ift Armor Acmmfc. «"Bn«cni>g K 
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lar rating. This results in an increased steady-state stability limit 
of the superconducting machine by as much as a factor of four 
when the transmission line reactance is relatively small. Super- 
conducting power generation and superconducting magnetic 
energy storage (SMES) were covered in-depth in the May 2000 
issue of IEEE Power Engineering Review, so only a little addi- 
tional material is covered in this article. 

Energy Storage, Voltage 
Sags* and Grid Stability 

The increasing scarcity of the earth's primary energy resources 
has steadily raised their cost and* in mm, the cose of electricity 
production. This has led to increased interest in load-leveling 
energy storage systems. The procedure would be to store excess 
energy that is generated during off-peak periods when the load 
is low and later to deliver it during peak load periods* There are 
many energy storage methodologies such as pumped-hydio, 
compressed air, flywheel, thermal, magnetic, and electro-chem- 
ical storage, such as batteries and fuel cells. The interest in 
SMES is not only because SMES is expected to have a higher 
round-trip efficiency than any other large-scale storage technol- 
ogy but also because it tyn be used to help stabilize the power 
grid by quickly adding or removing power. 

The use-capacity of an ac line may be increased by rapid reg- 
ulation of a SMES unit [11]. The ac line use-capacity primarily 
depends on three factors: transient stability limit, voltage col- 
lapse, and electro-mechanical oscillations resulting from 
subsynchronous resonance of the turbine shaft and the transmis- 
sion network. Of these, SMES is expected to most easily ame- 
liorate the electro-mechanical oscillations resulting .from 
subsynchronous resonance of the turbine shaft and the transmis- 
sion network by damping the oscillations. Smaller SMES coils 
are contemplated, where their primary use would be in main- 
taining power system stability [12]. 

Thine is even a power-quality niche for what may be called 
microSMES (MSMES), despite the fact thai it is very inefficient 
and very costly. The commercial viability of this technology is 
readily apparent in the semiconductor industry, where voltage 
saga of two or three cycles can ruin several single silicon crystal 
ingots, each worth $15,000. Such power dips costing between 
550,000 and $ 100.00 imply that the cost of a MSMES can be re- 
covered in about 3 years. However, they would prefer to pay the 
utility a lot more per kWhr than normal cost, because, in the sili- 
con wafer fabrication industry, equipment and buildings be- 
come obsolete in less than 10 years. Advocates estimate that 
MSMES could save U.S. industry $12 billion per year. 

More research needs to be done for better HTS in wire form 
before they are adequate for SMES. However, it may be possi- 
ble to circumvent this problem by using HTS in a wide variety 
of aggregate forms such as granules, particulates, foil, and thin 
film in which the magneuc energy is stored in trapped form to be 
released as electrical energy by magnetically coupling to a nor- 
mal coil as the trapped field is caused to decay [14, 15]. This 
trapped-field energy storage (TES) has the advantages of ele- 
vated temperature operation, so that a HTS wire coil need not be 
made, and the elimination of losses in leads. However, much re- 
search needs to be done to make TES a practical reality. 

Power System Planning and Operations 

In the future, electric utilities will find themselves in an increas- 
ingly competitive environment that will push the power system 
to the limits of its operability. Conflicting requirements of oper- 
ating the system closer to its thermal and stability limits, re- 



sponding quickly to wholesale energy transactions, ar 
maintaining system security and integrity will demand w< 
ordinated power system planning, dispatching, and open 
As the quantity of wheeled power increases together wi 
rate of wheeling transactions, the system vulnerability wi 
increase. There is much ongoing work to develop method 
cedures, guidelines* and software products to deal wi* 
contingencies in the operation and control of the grid. 

If these programs are successful in achieving at least i 
est 5% savings in power production* the overall nationwi 
pact is significant. With a roughly $50 billion/year fuel ci 
potential savings amounts to S2.5 billion/year. Goals 
work are to enable planners and dispatchers of the future 
terminer 

• Safe transfer limits across critical interfaces so as nc 
ceed stability and thermal limits 

• How much margin is available on generation and d 
systems 

• How best to control the delivery system 

• How best to respond both judiciously and expeditic 
constantly changing transaction opportunities 

• How best to predict, implement, and supervene ove 
action decisions. 



Biological Effects of Electro ma g n etic Flek 
The issue of adverse biological effects of electromagnet: 
(EMF) will crucially affect power delivery of the future 
point* it is not clear whether or not there is strong evidt 
adverse effects. There are clearly some beneficial effec 
number of effects that are neither beneficial nor advers 
trie utilities cannot afford to be complacent on this iss 
Biological systems respond to unbelievably low elet 
magnetic fields. Freshwater catfish respond to electric 
low as 10" 6 V/cm. Marine sharks and rays are sensitive 
than 5 x 10"* V/cm and use this sensitivity to navigate t 
voltage gradients induced by ocean currents flowing 
earth's magnetic field. Magnetite was discovered in thr 
brain in 1992. Strands of magnetite function like comp 
dies to help one-celled bacteria navigate. Magnetite I 
found in homing pigeons, salmon, dolphins, tuna, bats, ; 
eybees* and it may be pan of their navigational syster 
The application of magnetic fields to broken be 
clearly been shown to speed up the mending of bones. : 
al. have studied the basic problems encountered in ner 
and regeneration [16]. They find that electric and elc 
netic fields may help the healing process. They have 
$ crated that pulsed electromagnetic fields accelera 
regeneration in the injured sciatic nerve of rats and tha 
broad implications for the clinical use of these fields in 
agement of nerve injuries [171. 

On the other hand* in 1991 Adair wrote a paper to ? 
normally encountered 60 Hz electromagnetic fields ha^ 
nificant biological effect at the cell level [IS]. More 
Bennett came to the same conclusion [191. These 
well-written papers that make a strong case that the elf 
magnetic fields from power lines are well below the Ievt 
oral exposure. Aside from a few inconsequential err 
physics, calculations, and numbers appear reasonable, 
they consider only single cell response. They do not a 
a ddress the point that an organized system of living ceil 
live to and can respond to a much smaller signal than or 
gle cell. This is analogous to digital processing in findir 
in a situation in which there is a large noise-to-signal ra 
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the work of Weaver and Astumian [20] is referenced, they do noi 
seem to adequately respond to the point that living cells can and 
do react to field levels well below the thermal noise limit. 

Biolog,cal molecules made of long chains of amino acid* 
fold themselves up properly in an instant. Their dynamics can be 
as short as a femtosecond (iff" .). Bcnnen focuses only on the 
breakup of a biological molecule, while neglecting the effects of 
jnterfereace Wiethe folding process. Thus, he iWntaXZJJ 
much larger fields can be significant biologically. * 

ScienUstsat Sandia National Labs and the University of New 
nt™£™ ,'!? ° ° b ^ TVCd ""^Wguons and reproducible 
vrirSfnT^ , de I ,ete ? ous ef £f * « PUfc* magnetic fields on de- 
arS™?.v em ' Wyo '- ^ e *P° sed *™P 10 times the 
fiSrST* C °^ and 10 a ControI Sro"P- They used larger 
fields than usually encountered to enable them to produce 
clear-cut eas,l y observable effects where the effect is not losUn 

SZf-STn did DOt COver *■* experiments 

, J^jr^/- J BIackinan " A claiTn lo have uneouivocally 

Power line levels of magnetic fields as a 
function of either magnetic flux density or frequency T217 

S^^^? • ?^ m V ' V ?' " remams to sho **> whether 
nervegrowth inhibmon can be demonstrated in living animals. 

SESKr • *!««ff*««« not ye. been rlponedta 
other laboiaiones If reproducible, their results should bVjudged 

Z^f^f^ " iOD P flrametric resonance model," which 
is reed tc guide tW research and to explain their results. 

btraigntforward ways can be implemented to minimi,, KMF 
concerns with respect to transmission lines, distribution lines, 
and substations. Increasing the number of phases decreases the 

JESTS"? ^ G 1f eraU y balanced^^n^dS! 

^ * smflUcr EMF than balanced I three-pnase 
ov«bead lines This is simply because the solid insulation has 
K^«nc than air, permitting closer spacing of 

P ??" ^tt* fall-offof the fields fromVhelSes 
Unbalanced lines and ground loops for single-phase circS 

SSS: iTi/;^"^ Epid^oloSS 
St^f fif* ^f^ 15 3 C ?° sal c °nnecdon between EMF and 
adverse biological effects, it j 5 very tenuous. Thus one may be 

^ ^ reasonab]e corrections if we do find 
causal connections* ™* 



Dispersed Generation 

S^ gCnCrati ° n m emission, electric 
utuioes have pursued economies of scale with large power 
Phmts m "creasing cfficjcocy and in reducing ca P iS!noW 
ajng costs. However. botb natural and artificial constraints ihrit 
? U ?"Pff ,on - ^ pissed earlier, transmission line caS 
andTrS^ voltage of 1,200 kV. Temp^E 

and pressure limits are being approached in turbine and boiler 
deagn. Sometimes the reason for the limit is clear, but often the 
limit constraint is quite subtle. 

ih^HT ^ 1 " I l it5 m new technological break. 

Jew ■£^ SU ? 1 * thC - 5U P crcOTlductin e generator, can resuhin 
bTJSS^ or in new ways of doing business. This may 
rafXi t" CW WS> "generating electricity: or. with 
2^*er caching consequences, utilities may have to alter 

^™crwereiar greater than they are now. such high power 

mavhT^^jr^*' tae -' Althou Bh load growth in general 
may be forecast fairly accurately, due to re-regulation. load 



growth for ,nd,v,duaJ uuluies may be fraught with uncertain 
W To tZT- "'.^ Presen, li mits . wrth wnccnai „,y 
load growth, build.ng large capital-intensive plants forrte p, 
pose of economy of scale is a very risky undenting. P 
Dispersed generauon in its manifold manifestations 
cogenerauon, whechng. renewable generation, fuel cells, c. 
mu st be properly cons.dcred no, only because of potential cox 
pennon but because they may afford new opportuEmTs for ml 
t.es. Can future load growth be me, by alternative strategies 

Son S?« P -T V C ° nStn,C,}on ° T and/or new transm: 

sion and d.stnbuuon sysujm erection or upgrade? 

The uend of the electric power industry has been to inerea 
'^"^ent in transmission *nd distributi, 
(T&D). Electrical World [22] csdmaied that the T&D share 
new utility investment will mcrease to 80% i„ 1997. In oanTtr 
may be due to a present excess in generation capacity. Howevf 

eraoon, such as fuel and solar ceils, may becomc^omnierci 
wiAin the next few decades, making it imprudent to TnvS 
additional conventional generation. Windpowers' present cor 
memal success is due in part to serendipiSis prictag^nn^ 
made durmg the OPECs^a^d oil crisis ofme Wte.^ 
shaM next see, if the scale is not too modest, small gas-fire 
turbogenerators are already commercially viable. 

Stanford University is a prime example of the kind of di 
persed generanon that may become more prevalent in me ne: 
few decades. In 1987, General Electric installed a 50M$ 
gas-fired steam turbogenerator power plant on the 
caxnpus to replace the power supplied by the local electric uti 
S„^ P Cleclririly Md "earn heat for X 

SSff^ h r e ^fJ^ Cl o dU,g Stanforf hospital) by bornin 
metfuae delivered by Pacific Ga, and Eeco* (PG^). Star 
ford seUs its excess power to PG&E. This facility has save 
(earned) Stanford millions of dollars per year 

While 50 MVA is all COmpared lQ , ^ ^ 

300 MVA, it is probably big enough to gain some of theadva* 
£ges ; of economy of scale. Oeariy 50 MVA is a bit above th 

market, and probably for an even larger segment of the U.S 
market. We may be surprised to find that 50 MVA is economi 
«S Y v,a " e , across m * <««i" United States and that the thresh 

Srf < Ti: i bC lOWer ^ 20 ™ A in CaHfornia. Such facS 
preferably in cogeneration form, bat even if they don't us 

20 years. Whether they are owned and operated by utilities o 
Dy opportunistic entrepreneurs is a business decision that utili 
ties make based upon each individual utility's preferences as 
sets, and needs. 

At this time, all the noncombustible renewable resources o 
suaeartn. and moon power represent less than 1 % (<7,O00 MW 
of the power generated in the United States, rather than the op tc 
5* hoped for before 198a Just because renewable eneL 
sources like the sun (solar thermal, photovoltaic. wiwJpower 
ocean ^ttermal gradients), earth (geothermal). and the moor 
(tides) did not prove to be commercially viable in the past is nc 
reason to think that this will always be the case. The need for re- 
newable resources becomes manifestly clear in realizinc that 
even if the earth were a hollow sphere full of ready-,o-use oil i. 
would be depleted in a few centuries, given the present mS o 
use and of increase in use. Of course, renewable is a relative term 
ovspending an time scale, as even the sun will eventually burn out 
So u , s clear that, although dispersed generation using renew- 
able sources may not make a large impact in the next 2 decades 
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it is certainly the way of the future. Shell International Petro- 
leum predicts that renewable power will dominate world energy 
production by the year 2050. This appears overly optimistic, but 
their prediction of an oil crisis in the 1970s appeared overly pes- 
simistic until it happened. Oil and gas companies are not stand- 
ing by idly and may be expected to lower prices and find ways to 
burn these fuels more cleanly. The inevitable can be put off but 
not indefinitely. 

Presently, the costs of fuel and photovoltaic cells, solar ther- 
mal, and possibly windpower arc too high to consider them seri- 
ously as contenders on the economic playing field. However* in 
the future, we may not be competing on a level playing field. 
These technologies are viewed as environmentally more accept- 
able than fuel-burning central-power plants. Utilities should be 
prepared for further preference points to be _ 
given to these new developing technologies by 
public utility regulators faced with smog-filled 
cities like Los Angeles. Mexico City, New 
Delhi, and Beijing. When these technologies 
come into vogue, whether they are imple- 
mented by utilities or newcomers, we need to 
know the potential impact on existing and fu- 
ture distribution* system protection, and sub- 
station and transmission facilities. Generation 
determines how we do T&D. _ 



the entire length of the fiber will be disrupted. This could rc 
from the high electric field that emanates from the power 
which stresses die dielectric material of die fiberoptic cr 
Electrical treeing in the fibers is one degradation mechan 
Electrical treeing refers to the formation of branching struct 
in a dielectric due to high electric stress and is simile 
Lichtenberg figures. Electrical trees occur in the dielectric ( 
cross-linked polyethylene) of underground transmission 
distribution cables and are related to electrochemical trees 
water trees. 

For a dc power line; the fiberoptic cable is polarized b? 
electric field, and the electric stress internal to the cable can c 
deterioration of its optica] properties. For an ac power line 
fiberoptic cable is alternately polarized in one direction and 



We should not reject pursuing new technologies 
just because they seem alien and nnfamflfar to us; 
neither should we blindly accept a new technology 
simply because it has received much media 
exposure and is the latest fad 



Information Superhighway Synergy 
Reliable and timely information is a valuable commodity. The 
networking of individuals, trams, associations, companies, and 
corporations has developed a need for more efficient exchange 
of information locally and globally. The main driver is speed of 
access, though it may be quite some time before much can be 
done about speed of assimilation. This requires technical inno- 
vations to be made in a broad spectrum of scientific disciplines, 
including microwave transmission and reception, waveguides, 
optical fibers, and a synergy between optical fibers and power 
lines* Essentially, the information superhighway (IS) is a net- 
work of communication systems providing high-speed, broad- 
band, integrated services. Thus, the new ^WnTnmnniV^Hn^ 
and information technologies of the emerging IS present electric 
utilities with a new set of challenges. 

There is great interest in combining power lines with 
fiberoptic cables to also carry telecommunications as part of the 
future communications superhighway, it should not be taken for 
granted that fiberoptic cables will be trouble free on high-volt- 
age overhead lines. Over a long period of time, the effects of 
electric stress and high-voltage corona can degrade an un- 
shielded fiberoptic cable if the fibers are exposed to a high elec- 
tric field. (This would not be a problem outside the ground 
sheath of an underground power cable, as there is no electric 
field there from the high voltage line.) Although the grounded 
shield wires of an overhead line have a much lower electric field 
environment than the power lines, lightning is more likely to 
strike the grounded shield lines and damage the optical fibers. It 
is not always possible to put optical fiber cables on low voltage 
phone lines. In the case of long distances, there are no phone 
lines on which the fiberoptic cable can be carried, because dis- 
tant phone trans miss ion is by microwaves. 

Though it may not be expected, deleterious effects can im- 
pair an unshielded fiberoptic cable that is combined with a 
high-voltage power line. If, over a long period of time, the elec- 
tric field produces sufficient deterioration even in just one loca- 
tion of a long length of fiber, the transmission of information of 



the opposite direction as the electric field alternates. For a t 
power line, this change in polarization takes place 120 time 
second, which causes a dielectric power loss in the fiberopt 
ble as well as stressing the fiber. A patent has been issued t 
invention that pertains to a method and apparatus for prete 
the fiberoptic cable from the high electric field of power 
[23]. This protection should enable fiberoptic cables to be 
paribly carried on power lines in the fixture as pant of the 
The impact of IS on utilities can be significant in provit 
new role for powex/uifonnarion broken, new markets, ar 
vanced simulation techniques needed in the control systems 
future. Updated information is essential on business opportu 
ancfrisks tb help electric utilities in understanding the nariot 
formation infrastructure and potential tdecomnnimcarions : 
gies before making any major decisions, A window oi 
necessity and opportunity faces utilities. The necessity is to h 
process, and transmit information to survive in the present cc 
hive milieu of electric power delivery. The opportunity is t 
new sources of revenue in the new arena as well as use th 
arena to advantage in the electric power field by wisely max 
the supply and transmission of electricity to meet fast and r 
changing demands. One important utility function that IS w: 
to achieve is that of distribution automation. 

Distribution Automation. 

Automation of distribution feeder circuits, residential loac 
commercial customer loads should decrease energy costs, 
for faster customer payments, improve power reliabili. 
quality, provide the potential for variable-priced energy 
sions and sales, and reduce utility operational costs. It wil 
itate monitoring of energy use for energy management sy 
Another advantage will be die ability for automatic mete, 
ing for electricity, gas, and water. The challenge will be u 
mate distribution in such a way that the entire range of u 
from small to large, with differing technologies, will all 1 
from this innovation. 

To accomplish these goals, the Electric Power Researcf 
cute (EPRI) created a Distribution Automation Pilot I 
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" (DAPP). This includes the automation of 2 distribution substa- 
tions and feeders, the automation of 20 commercial customers 
and the automation of 200 commercial sites. In addition to dem- 
onstrating the benefits of DAPP. this will test the utility commu- 
nications architecture (UCA). UCA creates a standard, 
nonproprietary communications architecture whose purpose is to' 

• Facilitate interoperability between different computer 
systems y 

• Reduce product costs through standardization 

• Enable and improve compatibility of different hardware 
and software systems 

• Allow utility personnel to access information across the 
utility spectrum 

• Provide for the exchange of information between hardware 
systems within a utility and between two or more utilities. 

Additionally, the automated distribution management func- 
tions will analyze power flow; determine connectivity; detect, lo- 
cate, and isolate faults; restore service; control voltage/vars and 
reconfigure feeders. In addition to automatic meter reading other 
customer site functions will include load control, tamper detec- 
tion, outage detection and restoration, connect/disconnect, notifi- 
cation of status of outage restoration (e.g.. should commercial 
customer send employees home?, should residential customer 
make other plans?, etc), and customer notification after power 
restoration. Not only could billing information be provided daily 
it could be itemized by appliance or larger segments. Of course, it 
wouki also permit electronic payment of bills. Real-time pridne 
based on actual cost of generation would allow the customerto 
have scheduled usage of appliances and industrial equipment In 
dense urban areas, di s t ribut ion automation may h> fa^n *.^ fry 
fiberoptic plus coaxial cable- In less dense rural areas, this can be 
done by less expensive radio communication. 
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Conclusion 

Ifnovel power systems are to be mcorporaied in electric utilities, 
tbey must either fin a new niche or compete both technically and 
^°^ y u With ^D-^oped systems. Innovation i s 

Affiaiki to achieve for any industry that has become highly tech- 
nical and capital intensive over a century of development, as is 
the electnc power industry. We should be careful to avoid either 
oftwoCTtreraes. We shouldn't reject pursuing new technologies 
just because they seem alien and iiirfamiliar to us. Neither should 
technology simply because it has re~ 
cervea a lot of media exposure and is the latest fad. As we look at 
power systems of the future, new technologies often appear more 
promising than they turn out to be, precisely because theyarc re- 
mote. Their warts are not perceptible at a distance. Their draw- 
backs and flaws only become evident as we see them more 
closely. Occasionally, the remoteness of a technology leads to un- 
duly pessimisnc conclusions about its future. Evenafter a tech- 
nology has been demonstrated, leading scientists may have 
Sil^° U i!" P^"** b* 3 "** oftbc necessity for new de- 

*^ are bm cannot foreseen. So, with any 

evaluation of future delivery technologies, new developments 
may well alter presently sound conclusion! 

Although dispersed generation using renewable energy 
sources may not impact within the next 2 decodes, it is not onlv 
inevitable, but regulation may bring about its conm^ia?en2 

w^mJ? ^ m0St CXpCCL There *« ™«ch truth in 

what Mai thus said about populations and needs tending to in- 
crease geometrically whereas resources tend to increase oiuv ar- 

,e f Un ? t£> criscs - Mal *«« overlooked two factors 
that have thus far vitiated his conclusion: societal and techno- 



logical change. Of these two, technological h/novatton h 
played the more important role. Given the present rate of pop 
lauon growth and the per capita increased demand for enersv 
the less developed countries improve their standard of li vine 
is fairly clear that, even if we had easy access to all the oil h 
and coalin the earth, these resources would all be consumed 
about 100 to 300 years from now. We will c^nW en^unt 
crises ; well before this if alternative forms ofe^^Ta 
cepted tnio our societal infrastructure and substantially incon> 
rated into its power system. ^ 
There is truth in economy of scale, that operation below 
cnjcal size is wasteful Power delivery and S prodS 

mTT^ 8 ^ Wc " bef«eBmte are reached? 
trough ly i L1ce a 2/3 power law for the overall system, as is asu 
face to volume ratio. This is because costs related to permane: 
Z*™ 1 ' a surface, and costs ofcon^nXl- 

SSS, • ^ V ° IUmC - ^ factor that is neglected inS 
ZSSSZ^ *V hC laaaaed .^ lure modc Probability relativ 
to smaller redundant systems if the scale gets too large DL 
pewed generation may provide a new framework for the powr 

E™L -T*^ .*» P 0160 ^ of increasing its reSbL 
«y. This wlU work well in coordination with distribution ante 

£ w ^ — 1 °< ^ 

Financial and environmental pressures have forced more ir 
tensive utilization of available power delivery. £££££ 
scoping studies concluded mat FACTS can produce sEficat 
savings for scenarios in which utilities benefit from improve, 
control of power flow (avoiding loop flow) and fa siraanoa 
which are stability limited. It is self-evident that the cos 
torn-power aspect of FACTS is a vital asset in prefacing andde 
hvenng quality power. Avoidance of building new lines is ; 
major benefit, when the existing system reaches its power delrv 
ery limit. Even though FACTS will increase tte^^powe 
•«e-capac«y, it will decrease neither the absolute amount o 
power losses nor their relative percentage. These will increase 
both in me lines and in the ancillary equipment. 

Hyperconductivity and eventually high-temperature super 
conductivity may be ways to reduce power losses and increase 
p T^ A c *^ t >'- °™ listing grid system is a valuable resource 
and FACTS can help us make the most of that resource. New 
lines are expensive and require time arxfrcsources for permits anc 
construction, and the issuance of penaits is by no means certain. 

In terms of increasing power delivery capacity, there is an 
average limit of about 20% as to what FACTS can do, so wt 
must also look to new technologies. It may be a while before 
theproblems of bnttleness and critical current density will be 

(rfTSC) that it can have much of a near-term impact. It is diffi- 
cult to say whether in the near-term HTSC will be able to fill a 
niche in the retrofitting of pipe type cables, where the 

needfor increased power carrying capacity overrides the need 
for reduced losses. 

Hypereonductivity using beryllium at 77 K looks very prom- 
ising to both increase power-carrying capacity and reduce 
losses. We are aware of the problems that are a detenem to the 
use of Be. and we should properly take a cautious approach in 
evaluating its potentiality. Would SF6 ever have beenused if it 
had been known in advance that SaFio. an arcing byproduct, is 
one of the most poisonous gases known? By serendipity, this 
didn t turn out to be a problem. We should at least do some of 
the preliminary research to ascertain if Be's technical potential 
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can be achieved in power lines and if its cose can be significantly 
reduced in case there is a greatly increased demand for it. 

The information superhighway presents an unparalleled op- 
portunity for electric utilities in the emerging deregulated (or 
perhaps mote correctly rereguiated) environment Sophisticated 
customers may have computer input and control to make fre- 
quent changes in which utility will be delivering power to them. 
One possible implication is that* as a function of market-driven 
usage, some lines will need to operate at limit capacity, and 
some that are now well-utilized may become under-utilized. In 
order to survive in this new milieu, utilities will have to become 
highly competitive in the price of delivered power and to antici- 
pate these kinds of changes. With respect to failure rates, utili- 
ties will need to ascertain which of their lines are the worst 
performers* Upgrading of lines should take failure rates into 
consideration as well as anticipated incr ea s ed usage. 

It appears that, in changing the very nature of the U.S. elec- 
tric utility industry, the regulators may not have considered all 
the implications* from destabilizing the power grid to undermin- 
ing millions of innocent shareholders who have traditionally re- 
lied on utility stocks as an instrument of reliable and stable 
invesanem. A nationwide comprehensive analysis is needed to 
ascertain the full implications of this new policy. Among the is- 
sues that need greater clarification are; 

• Full implication of the economic consequences with re- 
spect co the present policy and a more moderate 
reregulation policy 

• National security implications of this new policy 

• Grid stability implications 

• New generation risks from large load transients (e.g., 
turbogenerator shaft vulnerability) 

• Environmental impact 

Because of the unavailability of new rights of way for over- 
bead lines, it is clear that an increasing amount of power deliv- 
ery will have to be underground. As the available corridors 
become saturated and power dissipation increases as fast or 
Caster than the increase in capacity, more attention will need to 
be given to the thermal conductivity of the backfill. EPRI helped 
develop a slack wax that can stabilize the thermal conductivity 
of the soil. Slack wax is an inexpensive byproduct of oil refining 
thai is stable in the ground and can be added to backfill in emul- 
sified form, or by heating. 

Let us hope that the present underground vault explosions axe 
not a harbinger of worse to come. Programs are focused on deter- 
mining the cause and preventing the explosions. In the worst case 
scenario, we may have to develop insulations that are hydrocar- 
bon-free. A major R&D effort would be required to commercial- 
ize cables using such new dielectrics in the next 20 years. 

Global competition requires that R&D results be moved into 
the marketplace for utilization by electric power companies 
with as much care and speed as possible. 
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